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Preface 


During more than 10 years, from 1989 until 2000, the LEP accelerator and the four 
LEP experiments, ALEPH, DELPHI, L3 and OPAL, have taken data for a large 
amount of measurements at the frontier of particle physics. The main outcome is 
a thorough and successful test of the Standard Model of electroweak interactions. 
Mass and width of the Z and W bosons were measured precisely, as well as the Z 
and photon couplings to fermions and the couplings among gauge bosons. 

The first part of this work will describe the most important physics results of the 
LEP experiments. Emphasis is put on the properties of the W boson, which was my 
main research field at LEP. Especially the precise determination of its mass and its 
couplings to the other gauge bosons will be described. Details on physics effects 
like Colour Reconnection and Bose-Einstein Correlations in W-pair events shall be 
discussed as well. A conclusive summary of the current electroweak measurements, 
including low-energy results, as the pillars of possible future findings will be given. 
The important contributions from Tevatron, like the measurement of the top quark 
and W mass, will round up the present day picture of electroweak particle physics. 

In the Standard Model, the close relationship between W and Z masses and the 
electroweak couplings is a consequence of the Higgs mechanism and electroweak 
symmetry breaking. This mechanism provides gauge invariant mass terms for all 
known elementary particles. The spectrum of particles is however extended by a 
scalar Higgs boson which has not been observed, yet. At LEP and at the Tevatron 
collider, searches for this particle were up to now not successful. The hunt for the 
Standard Model Higgs boson is therefore one of the main activities at future experi- 
ments. A new era will begin with the operation of the LHC collider. The ATLAS and 
CMS experiments have the potential to discover the Higgs boson in all theoretically 
possible mass ranges. 

The second part of this volume will introduce the expected electroweak measure- 
ments as well as Higgs searches at the LHC. The experimental tools of the ATLAS 
and CMS detectors for the various measurements are described. At the LHC, the 
mass of the W boson and of the top quark will be determined with even greater 
precision than today’s measurements. There is also the opportunity to improve the 
knowledge about the weak mixing angle and the triple gauge boson couplings. 

One of the primary goals of the LHC experiments is the search for the Standard 
Model Higgs boson. The identification of the Higgs is summarised together with 


viii Preface 


the measurement of its fundamental properties like its spin and behaviour under 
CP transformation, which will possibly be subject of future research. Eventually, 
conclusions and an outlook to possible future findings at the LHC will be given. 

The measurements and the knowledge about particle physics presented in this 
work reflect the status of Summer 2009. It is expected that there will be new, maybe 
surprising findings in the near future. The electroweak data will however remain 
the cornerstone of particle physics to which new theories always need to be com- 
pared to. 


Geneva and Dresden, September 2009 Arno Straessner 
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Chapter 1 
Theoretical Framework 


The currently known spectrum of elementary particles consists of leptons and 
quarks, which constitute the different forms of matter, and vector bosons, which 
are the force carriers.! The leptons appear in three families (ve, e), (Vy, 4), (Vr, T), 
as well as the quarks (u,d), (c,5), (t, b). In the Standard Model [1, 2], forces 
between these elementary fermions are due to a SU(3) x SU(2) x U(1) gauge 
symmetry of the corresponding field theory. The SU(2) x U(1) symmetry is gen- 
erating the electroweak forces, with the photon, W and Z gauge bosons. The 
strong force is due to the SU(3) symmetry. Quantum Chromodynamics [2] (QCD) 
describe the interaction of quarks and the corresponding gauge bosons, the gluons. 
In the following, natural units, setting c = A = 1, are chosen, and the relations 
ch =197.3269631(49) MeV fm [3] and c = 299,792,458 ms~! may be used to 
convert between energy and space-time units. 


1.1 Electroweak Interactions 


The electroweak part of the Standard Model Lagrangian can be divided into three 
parts, a gauge boson, a fermion and a Higgs term: 


L= Lg + Lr + LH (1.1) 


The SU(2) and U(1) gauge boson fields are W,, and B,,. They couple to the 
weak isospin T, and the weak hypercharge Y of the fermions. Left-handed fermion 
fields Wy = iad — ys)W are combined to iso-doublets. The right-handed fields 
YR = 5(1 +ys)w are iso-singlets. The corresponding values of the third component 
of the isospin, 73, and Y are listed in Table 1.1, together with the electric charge Q. 
The left-handed down-type quarks, (d’, s’, b’), are related to their mass eigenstates, 
(d,s,b), by the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [4, 3] according 


y CKM 
to d; = yi Vi; dj. 


l Effects of gravity are too small to be observed in the energy ranges discussed here, and are 
neglected. 
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Table 1.1 Quantum numbers of leptons and quarks. They are the eigenvalues of the third com- 
ponent of the weak isospin, 73, of the weak hyper-charge, Y, and of the electrical charge, Q. The 
doublets of the weak isospin are put in brackets 


Fermion Type Ts Y Q 
i (ea ta 1/2 —1/2 0 
eji u Ji TSi —1/2 —1/2 -1 
Ve,R Vu,R Vr, R 0 0 0 
eR HR TR 0 -1 —1 
G ) (<) (; ) 1/2 1/6 2/3 
d' ‘p s' 7 b’ È —1/2 1/6 —1/3 
UR CR tr 0 2/3 2/3 
dr SR br 0 —1/3 —1/3 


The gauge part of the Lagrangian is given by: 


1 LY pi 1 v 
LoT A Fas — g8wB" ; (1.2) 
where Fi, is the SU(2) field strength 
Fi, = 3 Wi — Wi — go&ijW} WF (1.3) 


with the coupling constant g2, and B,,, the U(1) field strength 
Byy = 0,B, — 0, By, . (1.4) 


The totally anti-symmetric tensor ¢;;, is identical to the SU(2) structure con- 
stants. Due to the non-abelian SU (2) group structure the W’ gauge fields do not 
evolve independently but are coupled to each other. 

The interaction between fermions and gauge bosons is most conveniently written 
by means of the covariant derivate 


Dy Sos iSYB, + igoT, We (1.5) 
yielding 
Lr =X ipsDuy" Wy (1.6) 
f 


where the sum extends over all fermion fields. The T, matrices are the two- 
dimensional representation of the group generators of the SU (2), which follow the 
commutation relations [7;, T;] = i£ijx Tę and [T;, Y] = 0. 

In the Standard Model, gauge invariant mass terms for fermions and bosons arise 
$ 


J of spin-zero Higgs fields 
2 


through the coupling to a complex doublet ¢ = ( 
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and the spontaneous breaking of the SU(2) x U(1) symmetry [5]. In the minimal 


version there is only one Higgs doublet. The Ly term is completed by a dynamic 
term, a Higgs potential, and mass terms for the fermion fields: 


Ly = Dib! D'o- VO) + > cs (Proy? + Vf OF) (1.7) 
f 


The ground state (@), of the Higgs self-interaction potential 


Vid) = W pp + MOHS (1.8) 
is found for 
v2 
CAE z (1.9) 
with 
=f HE 


The Higgs field is rotated so that only the lower component remains and is then 
developed around the vacuum expectation value: 


1 0 
=z sen) ; (1.11) 


This choice breaks the original SU(2) x U(1) symmetry but conserves the electric 
charge symmetry, U(1)ggp. The energy scale v is not predicted by the model and 
must be measured experimentally. 

With the charged vector boson fields 


Wi = — (Wi Fiw?) (1.12) 


the particle mass terms are given by 
v = ý 
Lmass = —— > ceh 
J/2 f PELOR 


2 2 w? 
e Farmi U 3 8&2 —8182 S 
+(—) W'WE+—(W-,B 
( 2 yng 8 ( u ) — 2129 gt Be 


+v°AH? (1.13) 


The Higgs boson mass depends on both v and the free parameter A: 
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My = vv2). (1.14) 
The fermion masses turn out to be 


v 
me = —=C 1.15 
f A f (1.15) 


with free Yukawa coupling constants c s, not constrained by the model. 

The measurements of neutrino flavour oscillations [6] clearly show that neutri- 
nos are not massless, opposed to the original version of the Standard Model [1]. 
In the given formalism, neutrinos can be treated in the same way as the charged 
leptons. Like for quarks, the neutrinos are in general not identical to the mass eigen- 
states and the Pontecorvo-Maki-Nakgawa-Sakata (PMNS) mixing matrix needs to 
be added [7]. The resulting Dirac mass term is however not the only possibility to 
achieve massive neutrinos. An alternative is a Majorana mass term: 


LMajorana = -mMM (We Wot + h.c.) (1.16) 


However, this contribution does not conserve the lepton number and may give 
rise to a neutrino-less nuclear double beta decay, which is not observed, yet [8]. 

The symmetry breaking induces a mixing of the neutral boson fields W° and B, 
which can be diagonalised by 


Z, = COS ôw W3 — sin 0w B, (1.17) 
Ay = Sin®yW? + cos Oy By , (1.18) 


where the physical photon and Z boson fields, A, and Z,,, appear. The weak mixing 
angle Oy is defined by the ratio of the coupling constants g; and go: 


anon = Ê (1.19) 


8&2 


The gauge boson masses are found to be 


v v 
M, =0, Mw=58 Mz=35y8i +8. (1.20) 


The photon is indeed massless. An important result is the relation of the ratio of 
the heavy gauge boson masses to the weak mixing angle: 


M: 
ZW Z cos ôy. (1.21) 
Mz 


This mixing angle also appears in the boson-fermion couplings which becomes 
more evident when the interaction term is phrased in terms of currents: 
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Lint = —e | Auden 


1 


+ _————— ey 
J2 sin Ow 

1 
sin A, Cos Ôw 


= ut 
(Wi the + Wi Jee) 
Za ze) ; (1.22) 


The J“ denote the electromagnetic, charged and neutral current of each fermion 
field wy 


Jia = Wry (B+ Vy (1.23) 
Ibe = Pry" Ti +i ty Wy (1.24) 
Jke = Wry" Tarp — sin? Oy JE, . (1.25) 


In the first term the electrical charge is identified with Q = T; + Y. The charged 
current term describes W boson production and decay into chiral fermions: 


1- 
Jec = 54y" = vse - (1.26) 


The neutral current is usually written in a more general way to split vector and 
axial-vector currents: 


1 - 
Jic = 3s (avv" — 8aY" Ys) Ys, (1.27) 
with the coupling constants 


gt, = T; — 2Q sin’ Oy (1.28) 
gy = 73, (1.29) 


and with 73 and Q according to Table 1.1. This relates the electromagnetic coupling 
e to the electroweak couplings gı and g2 


e = gı COS Ôw = g2 Sin Ôw (1.30) 


The classical Fermi interaction of charged currents 
LFomi = -luce (1.31) 


is a second order process in the Standard Model mediated by W exchange. In the 
limit of small momentum transfer the Fermi constant Gp becomes 
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8 


ee 1.32 
42M3, oe 


Gr= 


The constant Gr is determined in muon lifetime measurements to the current 
world-average value of Gp = 1.16637(1) x 1075 Gev~* [3]. The W-mass can 
therefore be calculated at tree level: 

JT QED 


= ee 1.33 
i sin? 0y/2Gr i ) 


with the electromagnetic agzp = e? /47 . This implies 
v= —.. (1.34) 


which numerically is equal to v = 246.221(2) GeV. All mass terms in the Standard 
Model are proportional to v. Apart from the gauge bosons, no other particle mass is 
however fixed by only this value but involves a second free parameter. 

The physical manifestation of the Higgs mechanism, the neutral Higgs boson, H, 
interacts with the fermions and gauge bosons. The interaction Lagrangian is given 
by: 


Ly int = HG; +—* My wW Wi (H? + 2vH) + ay, Z" (H? + 2vH) 
(1.35) 
and the lowest order Feynman diagrams are shown in Fig. 1.1. The Higgs couplings 


to fermions and vector bosons, Hf f, HVV, and H HVV, depend directly on the 
particle masses: 


Me M3, M? 
guff =i— ; Suvv = —2i— ; 8unvv = —2i— . (1.36) 
v v v 
f V 
H H 

f V 
H v 
H” v 


Fig. 1.1 Lowest order Feynman diagrams of Higgs boson couplings to fermions, f, and massive 
gauge bosons, V = W, Z 
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The Higgs boson has not been discovered experimentally, yet. The coupling 
structure is therefore important in the corresponding searches, since it is expected to 
couple to the heaviest particles that is kinematically allowed. Important production 
and decay channels with massless particles, like gluons and photons, are possible 
via loops, which is described later in more detail. 

Indications about the energy scale of the mass of the Higgs boson can be derived 
from several arguments. The unitarity bound on longitudinal gauge boson scat- 
tering [9] requires new physics in the TeV energy scale. If it is the Higgs boson 
that dresses the scattering amplitude to not exceed the unitarity limit, the mass of 
the Higgs boson should not exceed 870 GeV (at tree level and in the high-energy 
limit [10]). Furthermore, the Higgs width into vector bosons increases to lowest 
order with MÈ /v?. The particle character of the Higgs boson requires that the width 
should not exceed My, which limits My to about 1.4 TeV [10]. 

Quantum effects of the Higgs self-interaction potential 


r 
Luset = Av H? + ge (1.37) 


lead to additional theoretical constraints. The renormalisation group equation for 
the Higgs self-coupling A behaves to first order and in the limit of large momentum 
transfer, Q? > 0, according to [11] 


1 
MO?) = A(v) er es (1.38) 
1— gA )log aT 
4n2v2 
This means that the coupling has a Landau pole at Ac = ve A , where it 


becomes infinite. This typical behaviour of a ¢* theory shows that it is only an 
effective theory up to the scale Ac. Thus, if Ac is set to the very high energies of 
the “grand unification” (GUT) scale of about 10!° GeV, the Higgs mass must not 
exceed ~ 250 GeV for the theory to remain valid. This triviality bound is shown 
graphically in Fig. 1.2. One must however keep in mind that in case of large values 
of A, perturbation theory will break down. On the other hand, lattice calculations 
show that this limit still stays in the range of My < 710 GeV [11]. 

A lower limit on My is derived from the stability of the Higgs potential [5]. 
Quantum corrections to HH — HH scattering with fermion and vector boson 
loops tend to push A(Q7) to negative values. In the small coupling limit, one obtains: 


1 mî 3 2 Q? 
2 2 4 2 2 
MO) = 40) + Te | OET (284 + (82+ 83) ) Jos = (139) 


which can become negative if A(v?) is small. The Higgs potential then develops a 
new minimum V(|Q|) < V(v), which is not stable. To avoid the instability, the 
Higgs mass should fulfil 
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2 m4 2 

M? = 2X(v2)v? > -= {-12 + = (283 +(8+ iy) } ie = , (1.40) 
which depends mainly on the top quark mass, m,, and the values of the gauge cou- 
plings, g;. This yields My > 370 GeV for Ac = 10!° GeV. A more accurate 
calculation [12, 13] results in My > 125 GeV, depicted as vacuum stability bound 
in Fig. 1.2. 

However, the vacuum could also be meta-stable and the electroweak minimum 
may differ from the absolute minimum of the effective theory. To avoid significant 
tunnelling probability between the two vacua, the Higgs mass should also not exceed 
some minimal value, which is about 10-15 GeV lower than the normal stability 
bound [13]. 

The fermion and boson loop corrections to the Higgs propagator relate the phys- 
ical Higgs mass, My, to the “bare” mass, M$, of the unrenormalised Lagrangian. 
The corresponding lowest order diagrams are shown in Fig. 1.3. Cutting the loop 
integral momenta at a scale A one obtains in the limit of a large top quark mass at 
lowest order [5]: 


34? 
87r?v? 


M2 = (Mo) + [M} + 2M3, + M2 — 4m?] . (1.41) 


600 


Triviality 


500 


A 
Q 
Q 


ORS 


300- 


Higgs mass (GeV) 


200 


100 


1 10 102 
A (TeV) 


Fig. 1.2 The theoretical bounds [14] on My from vacuum stability (lower bounds) and triviality 
(upper bound) are shown as grey areas. They indicate the limiting values of My between which the 
Standard Model remains valid up to the energy scale A. The hatched regions indicate where fine- 
tuning at the level of 1 and 10% is necessary. The white region corresponds to the parameter range 
where all constraints are fulfilled without much fine-tuning (> 10%). The analysis of electroweak 
data leads to further constrains on My, indicated by the dashed area 
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Fig. 1.3 Feynman diagrams of the one-loop corrections to the Standard Model Higgs boson mass 


Now, if A is chosen to be at large energy scales of 10'° GeV, the parameter M8 
must be tuned properly to 16 digits to get My right. Another solution would be 
to avoid the quadratic divergence by choosing M = — (2M4 + MZ = 4m?) [15]. 
This is however not valid at higher orders, and the fine-tuning problem remains. Fig- 
ure 1.2 shows how much fine-tuning is needed assuming the validity of the Standard 
Model up to a given scale A. Only for My ~ 200 GeV, fine-tuning is in a reasonable 
range (> 10%) also at high energies. This is the most stringent theoretical constraint 
within the Standard Model as a perturbative theory. 

Eventually, also cosmological arguments which involve the formation of large 
scale structures of the universe due to the so-called inflation model [16] can con- 
strain the shape of the Higgs potential. Assuming that it is the Standard Model Higgs 
field that initiates inflation and with certain conditions on the Higgs gravitational 
coupling [17], a limit of My € [126, 194] GeV can be derived. 

In summary, the rather general unitary bound requires new physics at the | TeV 
scale, which in the Standard Model should appear in form of the scalar Higgs boson. 
Further theoretical constraints indicate that My ~ 200 GeV if the Standard Model 
shall remain valid to very high energy scales. 


1.2 Quantum Chromodynamics 


Strong interactions of quark fields y4 and gluon fields G, are described in the Stan- 
dard Model Lagrangian by the following term: 


Lcolour — -EFP Fe, + Live iv” (2, igi ig3G%, ~) Wak - (1.42) 
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where a = 1,...,8 and j,k = 1, 2,3 denote the colour indices for gluons and 
quarks, respectively. The sum extends over all quarks u,d,s,c,t,b. The gauge field 
strength of the gluon fields G,, is given by 


Fa, = 0,G% — ,G4 — g3 f” GIGS. (1.43) 


The constant g3 is the coupling parameter and the factors f“° are the SU(3) 
structure constants. The 4“ matrices denote the three-dimensional representation of 
the group generators of the SU(3). 

Since quark-gluon and gluon-gluon interactions are proportional to 83 one intro- 
duces the strong coupling constant a, = g /4x. The most interesting property of 
QCD is the behaviour of œs: when virtual corrections due to the gluon field are taken 
into account, the strong coupling changes with momentum transfer gq? like: 


127 
(33 — 2n y) log (4?/Agcp) 


as(q?) = (1.44) 


with the QCD energy scale Agcp and the number of quark flavours ny with quark 
masses lower than Ve . This means that the value of a, decreases with increasing 
q’. This effect is known as asymptotic freedom. However, the opposite behaviour is 
seen with decreasing g*: the coupling strength increases. This has the consequence 
that no free coloured objects are observed in nature, and quarks and gluons are 
bound by the principle of colour confinement. The running of œs is nicely confirmed 
in measurements which are compiled in [18]. 

The predictions of perturbative QCD are successfully applied when quarks and 
gluons can be considered as free particles, which is usually the case in the high 
energy regime where effects of colour confinement can be neglected. The transition 
from coloured quarks and gluons to the colourless hadronic particles in the final 
state of a physics reaction is however difficult to describe from first principles. In 
theoretical calculations, Monte Carlo models are an effective approach to cover the 
fragmentation and hadronisation phase of the physics process. The most common 
models are described at the end of this chapter. 


1.3 Electroweak Radiative Corrections 


Higher-order radiative corrections need to be taken into account for the theoretical 
calculations to match the precision of the measurements. They also lead to more 
involved relations between the Standard Model parameters, which are 


the fermion masses, mr 

the electroweak boson masses, Mw, Mz 

the mass of the Higgs boson, My 

the electromagnetic and strong coupling constants, «oep and as 

the elements of the CKM mixing matrix and, in an extension to the Standard 
Model, those of the neutrino mixing matrix. 
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The coupling constants that appear in the charged and neutral current interac- 
tions are in principle functions of these parameters and of the quantum numbers 
of the interacting particles. The non-trivial relations between coupling and mass 
measurements are tested in a combined analysis to accept or reject the theoretical 
model. 

The tree-level Eq. (1.33), which relates the W boson mass to the Z boson mass, 
is modified in the following way: 


M2 Ta 1 

2 w)\_ QED 

My (1 r) =e A (1.45) 
Mz F 


The Ar term is due to propagator corrections caused by loop diagrams, as shown 
in Fig. 1.4. They can by split into QED corrections, Aaggp, to the photon propaga- 
tor, electroweak corrections, Ap, and an electroweak remainder term, AF remainder: 


cos? Oy 


Ar = Aa ED — 
S sin? Ow 


Ap + Af remainder (1.46) 


The QED corrections are related to the photon self-energy which change the 
electromagnetic coupling for non-zero momentum transfer q?: 


1 
egen(q?) = egen(0) 7 (1.47) 


— Aagrp(q?) 


where aggep(0) = 1/137.035999679(94) [19]. The most interesting value is the cor- 
rection at the Z-pole, q? = MZ, because many precision measurements are carried 
out at this centre-of-mass energy. 


1 
oO 


W 


Fig. 1.4 Feynman diagrams showing leading order loop corrections to the vector boson 
propagators 
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Each fermion with mass m < Ve contributes to Aa(M7). The leptonic correc- 
tion has been calculated to third order to be Aa, = 0.03150 [20] with negligible 
uncertainty. The corrections due to quark loops require a more detailed analysis 
because there are potentially large QCD corrections to be taken into account. The 
top quark term, Aap, is treated separately since it depends on the top mass. Its value 
is Ad@top = —0.00007(1) [21]. The light quark term, Aa, is usually calculated 
from measurements of the hadronic cross-section in ete~ collisions at centre-of- 
mass energies, ./s, well below the Z pole, ,/s < Mz. An experimentally driven 
evaluation yields Aa), = 0.02758 + 0.0035 [22]. This correction gives the largest 
uncertainty to Aa(M2). 

The p parameter is defined as 


1 M? 
p= x —% (1.48) 
cos*Oy Mz 


and has a value of | at tree level. The quantum corrections to this relation is mainly 
determined by the self-energy of the W boson propagator. It is sensitive to all SU(2) 
multiplets which directly couple to gauge bosons and exhibit a large mass splitting. 
The mass differences in the light quark multiplets are in general small. The leading 
term is therefore given by the t — b loop: 


2 
Grm; 


8702/2 


in the approximation m; >> my, and using the recent measurement of the top quark 
mass, m; = 173.1 + 1.3 GeV [23], by the CDF and DØ collaborations. 

Higgs boson contributions to Ap are playing an interesting role in the analysis of 
measurements in the framework of the Standard Model. The corrections are 


Ap; = 3 = 0.00939 + 0.00014 (1.49) 


Gr M2 Bo 
Ape 2g LEA (108 M >) (1.50) 
8702/2 WwW 


for My > My. 
Also in the remainder term Higgs and top quark contributions appear: 


Gr M2 2 1 2. 
Arsen = — zee {3 cot? On i +2 (coe Oy — 5) log 1 
8212/2 My, 3 My, 
4 2 2 7 
+z logcos Oy + cot” Ay — 9 (1.51) 
V2GrM2, [11 Me 5 
A rem = Ww l H 5 1.52 
CR, 16n? | 3 (108 M2, =| oe 


again for My >> Mw. 
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Radiative corrections are as well important in the determination of the Z cou- 
plings to the fermions, g5 and gh, and their effective values are defined as 


ay = Joe (T — 2Qrsin? 6%) (1.53) 
get = ST (1.54) 


with an effective weak mixing angle, sin? ee and the pf parameter which includes 
universal Z propagator and flavour specific vertex corrections. This eliminates the 
dependency of the measurements on radiative corrections and reduces the measure- 
ment uncertainty. Using this definition, the ratio of the effective vector and axial- 
vector coupling is directly related to the effective weak mixing angle, given by 


1 gsf 
a) = V 
sin“ Oefe = 4 (1 — ‘| (1.55) 


There is an effective angle for each type of fermion, which is proportional to the 
on-shell definition of the mixing angle (see Eq. (1.21)): 


sin? Oly = Kp Sin? Oy . (1.56) 


The factor x¢ is related to the radiative correction term Ars by the following 
equation: 
JT AQED 


/2GRM3 sin? 6, cos? Ofe = (1.57) 
1- Arf 


The quantity Ars is very similar to the one that is given in Eq. (1.46): 


cos? Oy, 
ay) Ap ne ATF, rem : (1.58) 
sin^ 0. 


Ww 


Ar¢ = AQQED = 


Only the last term Arf rem is defined differently and takes additional Z/ y—ff 
vertex corrections into account. A more detailed discussion can be found in [24]. 

Current calculations include electroweak radiative corrections at two-loop order 
to the W boson propagator. Complete fermionic two-loop results are available for 
the determination of sin? Me In the limit of large m, the top contributions to Ap are 
known to three-loop order. 

Since precision measurements are well sensitive to these small quantum correc- 
tions there is sensitivity to the mass of the Higgs boson, which is the only particle 
of the Standard Model that has not been observed, yet. Other indirect determina- 
tions of Standard Model parameters work out well. The derived mass of the W 
boson Mw = 80.364 + 0.020 GeV agrees well with the direct measurement at 
LEP and Tevatron of Mw = 80.399 + 0.023 GeV. The indirect top quark mass 
m, = 179.34116 GeV [26] has a much lower precision than the direct measurement 
by CDF and DØ, m, = 173.1 + 1.3 GeV [23], but also here the agreement is very 
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Fig. 1.5 Historic development of the indirect limits on the top mass, the direct search limits and 
eventually the measurements at the Tevatron [25] 


good. In fact, the discovery of the top quark was lead by more and more precise 
model predictions. The historical development of these calculations and the first 
measurements are compared in Fig. 1.5. This gives confidence that also the indirect 
information on My is useful within the Standard Model framework. 

From the analysis of electroweak precision measurements alone, an upper limit 
of 157 GeV at 95% confidence level (C.L.) can be derived [26]. Combined with 
direct searches for the Higgs boson at LEP [27], this constraint is weakened slightly 
and a 95% C.L. range of 114.4 GeV < My < 186 GeV for the mass of the Higgs 
boson is determined [26]. This is well in the reach of the LHC and Higgs boson 
searches and dedicated analyses concentrate on the low My region. 


1.4 Extensions to the Standard Model 
The most attractive theoretical extension to the Standard Model is super-symmetry 
(SUSY), which is introducing a global symmetry between bosons and fermions 
by changing the spin by +1/2 units. The corresponding operators, Q,, transform 
fermions into bosons and vice-versa: 
Q|Fermion) = |Boson) ; @Q|Boson) = |Fermion) (1.59) 
They are spinors and follow the SUSY algebra: 


{Qas Op} = —(8)op Pu » (1.60) 
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where P, is the momentum generator of space-time translations. The particle spec- 
trum of the Standard Model is preserved and extended by super-symmetric partners 
of the known elementary particles. The partners of fermions are scalar sfermions, 
and the gauge boson sector is mapped to spin-1/2 gauginos. Super-symmetric mod- 
els overcome some of the deficits of the Standard Model. If SUSY is exact, the fine- 
tuning problem is resolved due to opposite-sign loop contributions from fermions 
and bosons. However, the symmetry can evidently not be exact and is broken at 
some SUSY energy scale, since the not yet discovered SUSY partners must be of 
larger mass than the currently known Standard Model particles. 

In super-symmetric models the Higgs-sector is necessarily extended to two Higgs 
doublets to avoid anomalies and to provide super-symmetric mass terms for up- 
and down-type fermions. The first doublet, H4, is giving masses to the down-type 
fermions and the second, A, introduces masses to the up-type fermions. This results 
in three neutral Higgs bosons, h°, H°, A°, and one charged Higgs boson, H+. The 
neutral Higgs fields A? and H? are CP even, while the A? field is CP odd. The 
super-partners of the weak gauge bosons and the Higgs super-partners actually mix 
and form neutralinos, Na. 4, and charginos, X;">. 

An important parameter of SUSY is the ratio of the vacuum expectation values, 
tan B = v2/v,, of the Higgs doublet fields. Taking the splitting of the mass scale 
of up- and down-type fermions into account, one can argue that tan 6 should be 
in the order of m,/m, ~% 40. Experimental constraints will be discussed later (see 
Chap. 4). 

SUSY particle production is usually studied within the gravity and gauge medi- 
ated minimal SUSY models Minimal Super-Gravity (mSUGRA)) [28] and Gauge- 
Mediated Super-symmetry Breaking (GMSB) [29]. Benchmark scenarios are cho- 
sen to cover a wide range of experimental signatures. In both models, R-parity 
defined as R = (—1)°2+4+?5 with lepton number, L, baryon number, B, and spin, 
S, is conserved. As a consequence, SUSY particles can only be produced in pairs 
and the lightest SUSY particle (LSP) is stable. This leads to typical detector sig- 
natures from the SUSY decay chains since the LSP is expected to be only weakly 
interacting. 

Typical mSUGRA models analysed at the LHC are for example, SU1, ..., 
SU8.1 [30], with different values of the universal sfermion and gaugino masses 
at the GUT scale, mo and mj,/2, of tan B = v2/v1, of the sign of the Higgsino mass 
parameter, u, and of the universal trilinear coupling, Ao, at the GUT scale. The next- 
to-leading order (NLO) total summed SUSY cross-section at LHC centre-of-mass 
energies of 14 TeV varies between 6 pb (SU6) and 402 pb (SU4) [31] for these 
models. 

The cross-sections for SUSY Higgs production at the LHC is in the order of 
1,000 pb for large tan 8 = 30 and small Higgs masses of 100 GeV [5], down to 
0.1 pb for large Higgs masses of 1,000 GeV. An interesting fact of SUSY models 
is the upper mass limit on the lightest Higgs boson, h, which is in the order of 
110-130 GeV [33], depending on the mixing in the super-symmetric top sector. 
Because the couplings to up-type fermions are enhanced for tan > 1, the largest 
branching fraction of the h boson are to b-quark and t lepton pairs (~ 90% and ~ 
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10%, respectively). These are also the main decay channels of heavy CP-even Higgs 
bosons for large tan 6. For smaller values of tan 8 and 125 GeV < My < 250 GeV, 
the decays of the H boson are similar to the Standard Model Higgs boson, while for 
higher masses also the decay channels to h boson and top quark pairs open up. The 
CP-odd Higgs boson decays predominantly to bb and t*+1~ and for high masses to 
top quark pairs. The charged Higgs decays mainly to tv for masses up to My: © m, 
above which the tb final state is preferred. These final states are therefore the main 
search channels for super-symmetric Higgs bosons. The mass spectrum of the Higgs 
bosons depends mainly on the mass of the CP-odd Higgs boson, M4, which is shown 
in Fig. 1.6, together with the different Higgs bosons that can be discovered at the 
LHC in different regions of the SUSY parameter space [32, 30]. 

In this work, however, only general aspects of SUSY will be discussed in the 
framework of the precision electroweak measurements. Further details can be found 
in [5, 30, 34, 35]. 

The Higgs sector may be enriched by adding more or higher Higgs multiplets. 
Such models are all constrained by the fact that the p parameter should not deviate 
too much from the measured value of 1. For a set of Higgs bosons with vacuum 
expectation values v;, isospin J; and third component 1 the tree-level value of p is 
given by: 


[nai +D- (p) 


(1.61) 
200i Gy v? 


p= 
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Fig. 1.6 (a) Super-symmetric Higgs boson masses as a function of the mass parameter, M4, for 
the maximal top/stop mixing scenario [10]. (b) The number of SUSY Higgs bosons which can be 
discovered by the ATLAS experiment for different regions of the M4 — tan £ plane assuming an 
integrated luminosity of 300 fb~! [32] 
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For the Standard Model and multi-Higgs-doublet models, like SUSY, one always 
obtains a value of 1. If up- and down-type fermions would be of equal mass in each 
generation, ọ = 1 would hold exactly even at higher orders in the Standard Model 
since a larger SU(2), x SU(2)r symmetry would be apparent. The top/bottom 
mass splitting is however breaking this symmetry. Higgs triplet models are possible 
extensions of the Standard Model and provide a mechanism for SU(2); x SU(2)r 
symmetry breaking [36]. These models are also attractive because it is possible to 
construct neutrino mass terms compatible with current observations. One way to 
explain the smallness of the neutrino masses is the so-called see-saw mechanism 
which mixes right- and left-handed neutrinos such that heavy and light mass eigen- 
states evolve [37]. Mass terms of this kind can for example be constructed in Higgs 
triplet models. Experimentally, one should observe in addition to a rather light neu- 
tral Higgs boson [38], single- and double-charged Higgs boson, which are however 
not found, yet [39]. 

Higgs triplets are also predicted in Little Higgs models [40] in which the Higgs 
sector is dynamically generated by the interaction of originally massless scalar 
fields. The Higgs is therefore a composite particle. However, new massive vector 
bosons and fermions as well as additional heavy up-type quarks are predicted in the 
model, which have not yet been seen in experiments. 

Although the Higgs mechanism is very attractive for breaking electroweak sym- 
metry and providing particle masses, there may be alternatives [41] which explain 
these phenomena without a Higgs field. The strong WL W, scattering must then be 
unitarized by some other states, e.g., techni-p particles in Technicolour models [42] 
or Kaluza-Klein (KK) gauge bosons in Higgs-less Models [43]. A generalised 
treatment of these models can be performed in terms of an effective Lagrangian 
method [44], which allows the study of possible effects in electroweak boson scatter- 
ing and signatures at the LHC. New resonance states as well as anomalous scattering 
cross-sections can be expected in these scenarios. 

A requirement of all more or less exotic extensions of the Standard Model is 
the necessity to be compatible with todays precise measurements in the electroweak 
sector. In the remaining part of this chapter the phenomenology of the most impor- 
tant Standard Model processes will therefore be discussed. 


1.5 Z Boson Production and Decay in ete~ Collisions 


The properties of the Z boson were studied in detail at LEP and SLD at energies 
around the Z pole. The following paragraphs summarise the most important observ- 
ables that enter into the global analysis of electroweak data. Further details can be 
found in [45]. 

At energies below the W-pair threshold, Z bosons only decay to fermion pairs. 
The diagrams that contribute to the process ete~ —> ff at lowest order are shown in 
Fig. 1.7. The differential cross-section with photon and Z exchange, as well as their 
interference, can be written in the following way 
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et f f 
Ziy 6 


e f f 
Fig. 1.7 (a) Feynman diagrams for fermion-pair production in e*e~ collisions with photon and 
Z-boson exchange. (b) The scattering angle, 0, between incoming electron and final state fermion 
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where complex coupling constants a(s), Gyf, Gat are used to absorb electroweak 
corrections (see [45]). Their real parts are related to the real couplings g5 and gh by 


f 
Vie ml NG alg. (1.63) 


g$ Gat 


The polar angle 0 is the angle between the produced fermion and the incoming 
electron beam, as illustrated in Fig. 1.7. The propagator term 


Gp M2 S 
x(s) = — 2 


= - (1.64) 
8ir./2 s — M3 + isIz/Mz 


is defined with an s-dependent width, lz = I7(s). This is the convention used for 
all mass measurements at LEP. The alternative mass definition as the real part of the 
complex pole corresponds to a propagator with an s-independent width: 


Gr M3 S 
81/2 s — Mż + ilzMz © 


X(s) = (1.65) 


The two sets of variables are related by 


Mz = Mz,/1+T2/M2 ~ Mz + 34.1 MeV (1.66) 
Tz =1z/1+T3/Me ~ Tz + 0.9 MeV (1.67) 


Both propagators lead to the same resonance shape o(s). For numerical results 
the s-dependent width scheme is used. 
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The partial width of the Z decaying into fermion pairs is given by 


rg = nice 
“6/20 


The radiator factors Rys and Ra- take into account final state QED and QCD 
corrections, while by Aey,gcp small contributions from non-factorisable corrections 
are included. To first order the R factors for axial and vector coupling are equal and 
given by 


(IGal? Rar + |Gvel/Rve) + Aew,acn (1.68) 


Ryt = Rap = Rp = Roen Roco (1.69) 


with QED correction terms for all charged fermions 


3 ,a(M2) 
Ron = 1+ 7 OF a (1.70) 
and QCD correction for quarks 
a,(Mz) 
Reco = 1+ ~— +... (1.71) 


This inclusive definition of the fermionic decay width with quantum corrections 
simplifies the relation to the total decay width of the Z boson: 


Iz = Pee T Pug + Vz, + Thad T Pin (1.72) 


where the hadronic width is the sum of the quark decay widths 


Fhad = igs (1.73) 
q#t 


The so-called invisible width sums up the contributions from neutrino decays 
Tinv = MT. (1.74) 


The factor N, is the number of light neutrino generations and equal to 3 in the 
Standard Model. By measuring total and partial width of the Z boson this identity 
can be verified experimentally. 

Furthermore, the total cross-section of the cos 6-symmetric Z production term is 
written as 

of = OF ; T; 
Ræ (s — MZ) + s? r} / M3 


(1.75) 
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with the pole cross-section 


120 Teele 
a (1.76) 
Mz Ty 


The hadronic pole cross-section Gea and the hadronic to leptonic branching ratios 


(1.77) 


are observables that are included in the global analysis of electroweak data. 

Since the axial couplings between Z and fermion, gf, are non-zero, there is an 
asymmetry in the number of events with the fermion produced in the forward (0 > 
x/2) and backward (0 < 2/2) hemispheres. This asymmetry is experimentally 
determined as 


Ame (1.78) 


where Np is the number of events with a forward scattered fermion, and Ng the 
number of events with a backward scattered fermion. If only Z boson exchange 
is assumed the differential cross-section is simplified. For the case of incoming 
polarised electrons and unpolarised positrons, and averaged over final state helicities 
it is given by: 


dog 3 5 
Acoso did [A — PeAe)(1 + cos? 0) + (Ae — Pe)ArcosO] , (1.79) 


with the electron polarisation P, and the asymmetry parameter 


2 ff 
Apan ENSA. (1.80) 
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The forward-backward asymmetry is therefore equal to 


+! doff 0 doff 
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When the beam is polarised, the left-right asymmetry can be determined by 
measuring the event rate difference for positive and negative polarisation P, of the 
incoming electrons: 


ALR = ——— =. . (1.82) 
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And finally, the left-right forward-backward asymmetry is proportional to Ag: 


(or — og) — (Oor —OB)r 1 3 
A = = -A 1.83 
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In case of the tau lepton, also the final state helicity can be measured. The corre- 
spond polarisation is defined as 


dlo, — 01) (dor +01) \ 
= 1.84 
PRR d cos0 ( d cos @ ) ake 
and given by 
Ap(1 + cos? 0) + 2.4. cos 0 
P 0) = 1.85 
MENE ES a AA ea 
and its average is 
(Pe) = — Ar (1.86) 


The asymmetry observables on the Z pole are defined without further radiative 
corrections, unlike the Z decay widths. To extract the asymmetry from data the 
measurements are corrected for radiative effects, y exchange and y — Z interference 
terms. The pole quantities derived in this way are eventually 


A= AAs (1.87) 
Apes (1.88) 
AÎR mR = Ae (1.89) 
(P?) = —A, (1.90) 
Ai” = sA (1.91) 


Since the parameter A, is measured in left-right asymmetries independently from 
the forward-backward asymmetries, also the individual parameter A,,,.A;, Ap and 
A, can be extracted. When expressing them as functions of the weak mixing angle 
one finds from Eqs. (1.80) and (1.55): 
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f f 
(1+ (1 — 4] rl sin? Ofe) ) 
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(1.92) 
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This shows that the determination of the asymmetry parameters is a sensitive 
measurement of sin? ne deeply connected to the symmetry breaking mechanism of 
the Standard Model. 


1.6 W Boson Production at LEP 


The production of W boson pairs in ete collisions gives further handles for Stan- 
dard Model tests. The W mass can be measured directly from the invariant mass of 
its decay products. Triple gauge boson couplings (TGC) of photon and Z to the W 
bosons as well as quartic couplings (QGC) can be determined from the analysis of 
the production angles and the polarisation of the W’s. The fraction of longitudinal 
to transverse polarisation of the W bosons is measured as well. 

To lowest order, the production of W-pairs is described by two Feynman dia- 
grams, the t-channel neutrino exchange and the s-channel Z/y exchange, as shown 
in Fig. 1.8. The diagram with a Higgs propagator is suppressed by a factor me/ Mw 
and can be neglected. The s-channel graph involves the non-abelian gauge boson 
couplings, which are described later in more detail. 

The lowest-order cross-section for on-shell production of W-pairs near the thresh- 
old is given by 


do ay en 1 
dQ S 4sinf Oy 
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The leading term is proportional to the W velocity, 6, and is from t-channel 
neutrino exchange. It is the dominating term in the production threshold region, 
where ./s ~ 2Mw. For the total cross section one finds 


2 
w “tee |! 4g 4 o(g%) (1.94) 
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Fig. 1.8 Feynman diagrams for W-pair production at LEP with neutrino ¢-channel and Z/y 
exchange 
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The terms proportional to 6? drop out, and s-channel and interference contribu- 
tions are only proportional to 6°. There is therefore no sensitivity to TGCs in the 
W-pair cross-section close to the threshold. 

For a more complete description of the ete — WW process, also the decay 
of the W bosons needs to be taken into account. W bosons decay into pairs of 
quarks, one up-type and one down-type quark, qq, or a lepton and the corresponding 
neutrino, ve. Possible final states are therefore fully hadronic qqqq, semi-leptonic 
qq£v, or fully leptonic £v£v. This makes W pair production part of the so-called 
four-fermion processes, ete — ffff. They are usually denoted as charged current, 
CC, and neutral current, NC, processes, depending on the boson that is exchanged 
in the signal process. The number of diagrams that are contributing to each final 
state in W-pair production is listed in Table 1.2. In this nomenclature, tree-level 
W-pair production is a CC03 process, while the complete description for the qqev 
final state, e.g., is of type CC20. 

The CCO03 cross-section takes also off-shell W-pairs into account. In a simplified 


form, the double-differential cross-section oye (s;s+,s—) = do™ is folded with 


ds,ds_ 

the Breit-Wigner propagator terms pw(s+) [46]: 

s (J/s— JP 

oS) = $ ds f ds-pw(s+)Pw(s-)og > (s;s+,8s—), (1.95) 
0 0 
where s} = kK and s_ = k are the squared four-vectors of the internal W bosons. 
The Breit-Wigner factors are given by: 
1 Mw 
pw(s+) = “ x BR, (1.96) 


T |sį — M, +iMwPw| 


with the branching fraction BR of the corresponding decay channel. The on-shell 
expression is recovered by letting the W width, Iw, go to zero: 


pw(s+) > ô (s+ — My) x BR for Tw > 0 (1.97) 


In the simple analytic approach the main corrections from initial state photon 
radiation (ISR) may be included as well. Photons emitted by the incoming electrons 
reduce the effective centre-of-mass energy, vs’ < ./s. In the case of a single photon 


Table 1.2 Number of four-fermion diagrams for the different final states in W-pair production 


du 5c eT Ve Hva tv 
dū 43 11 20 10 10 
SC 11 43 20 10 10 
e Ve 20 20 56 18 18 
LD, 10 10 18 19 9 


T Dr 10 10 18 9 19 
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of energy E, radiated parallel to the beam, v's’ is given by 


Vs! = Js 1- =. (1.98) 


Photon emission with energy fractions x; from each beam can be described by 
structure functions D(x;, s) which need to be convoluted 


1 


F(x, s)= f dx\dx76(x — xıx2)D(x1, s)D(x, S) (1.99) 
0 


The improved cross-section including ISR is then 


(s'/s max xs 
dx F(x, » fas. 
0 


Grek es = 


(s'/S)min 
VES- SSF) 


ds_pw(s+)pw(s—)oy(s;s+,5—). (1.100) 


Figure 1.9 compares the lowest order calculations using GENTLE [47]. One 


observes that both the finite width and ISR effects lead to a broadening of the 
production threshold. 
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Fig. 1.9 Cross-section of W-pair production in ete~ collisions at lowest order, including W 


width effects, with ISR corrections calculated with GENTLE and the full O(a) calculation with 
RacoonWW 
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To eventually match the precision of the LEP measurements more complete 
radiative corrections need to be taken into account. The most recent predictions 
available in the RacoonWW [48] and KandY [49] Monte Carlo programs contain 
electroweak corrections at O(a). This brings the theoretical uncertainties on the 
cross-section to the level of 0.5% at centre-of-mass energies above 180 GeV. Around 
the threshold, ./s ~ 2Mw, the precision is only in the order of 2%. The improve- 
ment in accuracy in the higher energy range is due to the so-called leading or double- 
pole approximations (LPA/DPA) [50] which are applied to treat the virtual radiative 
corrections. In these approximations the matrix element is expanded around the res- 
onant poles in powers of [y/(Mw). The expansion is therefore only valid when 
the velocity £ is sufficiently large, i.e. well above the W-pair threshold. 

Recent results with better accuracy for the threshold region are obtained in an 
effective field theoretical approach [51]. In the analysis of LEP data they are not yet 
applied. But they may become important when a future e*e~ linear collider will be 
operated at the W-pair threshold and large statistics data samples are collected. 


1.7 Z and W Boson Production at Tevatron and the LHC 


At pp and pp colliders the electroweak gauge bosons are produced as a single 
particle or in pairs through a parton-parton process, for example the Drell-Yann 
production of W and Z bosons, qq — Z and qq — W. The total cross-section of a 
certain process pp —> X at a centre of mass energy ./s can be written as: 


l pl 
o= > f a6. Uf, w f Í Íi (x1, u?) fi (x2, u4) ôl — xi1x2s)dxı dx2 dô . 
ij 


(1.101) 
The different quantities in the equation are 


6;; = parton-parton cross-section i + j > X 

/§ = reduced centre-of-mass energy of the parton reaction i + j > X 
2E; 

Js 

f i 2E 

x2 = energy fraction of parton j; x2 = Tk 


fi(x) = parton distribution function (PDF) for parton i (same for j ) 


xı = energy fraction of parton i; x; = 


= probability to find parton i with energy fraction x inside the proton 
ur = factorisation scale 


Hr = renormalisation scale 


The partons i and j may be quarks (u,d,s,c,b,t,u, d,5,é,b,t) and gluons 
inside the two protons of the colliding beams. The delta function 6($ —x x25) ensures 
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the energy conservation. In the very simplified case of the production of a narrow 
resonance the parton cross-section can be written as 


6;(8) = 0;;5(8 — M*)M? (1.102) 


where M is the mass of the resonance and o;; the (constant) cross-section of the 
reaction i + j — X at the peak of the resonance. The total cross-section is now 
simplified to 
o= X oym’ x Lij (1.103) 
ij 


with the parton-parton luminosity 
1 
1 f1 M? 
Lj=- | -fœ f; | — ) dx (1.104) 
SJ x xs 


neglecting dependencies on factorisation and renormalisation scales in this notation. 
The rapidity of the resonance X is defined as 


1 E-pı 


= -lo 
ae SREP 


(1.105) 


with energy E and longitudinal momentum pz. It is well approximated by the more 
commonly used pseudo-rapidity 


1 = 6 
eee sige PLSD logtan = , (1.106) 


2 © |pl + Px 


which can be directly measured in terms of the polar angle 6. The energy fraction, 
x, of the partons that produce the massive decay product at rapidity, y, is given by 


f= (1.107) 


The differential rapidity distribution of X is therefore to lowest order proportional 
to the product of the parton density functions: 


d M? M . M _. 
a > X)= are (že) fi (Ze ’) (1.108) 


Figure 1.10 shows the result of a proper calculation for Wt and W~ production 
at the LHC simulated with a leading-order Monte Carlo program. One can observe 
a significant difference between the two charged bosons due to different quark con- 
tributions to the PDFs. This difference is planned be used in the determination of 
the parton luminosity at the LHC [52]. 
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Fig. 1.10 Rapidity distribution at Monte Carlo generator level for W* and W7 production at LHC 
energies, taken from [52] 


The simplified picture must be extended by taking W and Z width effects into 
account, as well as QCD and QED radiative corrections. Taking higher order correc- 
tions at next-to-leading order (NLO) and beyond into account, typically reduces the 
scale dependencies on u, and u p of the cross-section predictions (see e.g. Sect. 6.1 
and 6.3). The production of W and Z bosons accompanied by jets with large trans- 
verse momentum is also an important source of background for searches for new 
particles at hadron-hadron colliders. 

Production cross-sections for various Standard Model processes are shown in 
Fig. 1.11, including some examples for vector bosons with exclusive jet produc- 
tion [53]. Exclusive W/Z+jets cross-sections for up to three jets are recently avail- 
able at NLO precision [54, 59]. Higher order Monte Carlo generators apply a match- 
ing of the fixed order QCD calculations to traditional parton shower models [55-58]. 
Thus, measurements of W/Z+jet final states at the Tevatron are reasonably well 
described by the theoretical predictions [53, 59]. This gives confidence that predic- 
tions for LHC energies can also be trusted at the percent level. 


1.8 Standard Model Higgs Boson Production and Decay 
at the LHC 


At the proton-proton collider LHC the Higgs boson is produced in several pro- 
cesses [10]: 


e gluon fusion: gg > H 

e vector boson fusion: qq > qq + W*W"*, Z*Z* > qq + H 
e Higgs-strahlung off W or Z: qq > W,Z > W,Z + H 

e Higgs bremsstrahlung off a top quark: qq, gg > tt + H 


The corresponding Feynman diagrams are sketched in Fig. 1.12. 

Gluon fusion is the by far dominating process with the highest cross-section over 
the whole Higgs mass range. Although the massless gluons do not couple directly to 
the Higgs, production via triangular quark loops is well possible. The large quark- 
mass coupling compensates the dynamic suppression due to the loop diagram. To 
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proton - (anti)proton cross sections 
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Fig. 1.11 Standard Model cross-sections at Tevatron and LHC energies, calculated at NLO preci- 
sion. The discontinuities are due to the differences in parton content between p p and pp collisions. 
The Zines indicated for W + 1,2 jets correspond to jets with pr > 20 GeV and |n| < 2.5 [53] 


lowest order the partonic gg — H cross-section can be written as [60] 


with 


2 


Gro(gg > H)= TLo(H — gg)d (8 — Ma) 


8My 


2 


Gra? MÈ |3 H 
Trzo(H = —_ i =E |- A 
Lo(H > 88) = JA 


q 


The zero width approximation may be improved by substituting 


(1.109) 


(1.110) 
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Fig. 1.12 Feynman diagrams for Higgs production showing gluon-gluon fusion and vector-boson 
fusion processes, as well as the associated Higgs production with top quarks and weak vector 
bosons 


ô (5 — Mz) > } - eee : (1.111) 
x (§ — Mi) + GTa/Mn) 


The gluonic Higgs width [;9(H — gg) is expressed in terms of form factors 
that depend on the squared Higgs-to-quark mass ratio t, = MŽ / 4m? [10]: 


2 
Al (T4) = zala + (t4 — Df (T4)] (1.112) 
q 
7 arcsin? ./T ; tT<1 Lin 
fos 1 [log Lt iz | tT>1 ee) 


For small quark masses the form factor vanishes, and it approaches a value of 3 
form, >> My. This formula is also valid in extensions of the Standard Model, where 
higher mass fermions may appear in the loop and further increase the production 
cross-section. In the Standard Model, the main contribution is from the top quark 
loop. For Higgs masses below 2m, the infinite top mass approximation m, — 00 
agrees with the full result within 10%, as can be seen in Fig. 1.13. 

Corrections to the leading order cross-section are necessary because higher order 
QCD processes generally change the lowest order results significantly. For total 
cross-section calculations the corrections are usually phrased in terms of a K factor, 
which takes NLO or even higher order effects into account, e.g. K = onLo/OLo in 
case of NLO corrections. The LO cross-section can be written in the following form 


a Llss 
o(gg > H) = o0 tu (1.114) 
H 
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Fig. 1.13 Gluonic width of the Higgs boson including all quarks in the triangular loop, excluding 
the b-quark, and in the large m, limit [10] 


where dL88/dty denotes the gg luminosity of the pp collider as function of the 
Drell-Yann variable ty = Mi /s, where s is the invariant collider energy squared. 
This notation is helpful when adding NLO terms, which arise through the real and 
virtual contributions, as shown in Fig. 1.14. The NLO cross-section is then given 
by: 


ales 
dty 


H H H 
+ AOs, + AO, t A033 (1.115) 


o(gg > H) = oť tu [! +c% =| 


The coefficient C” is the finite part of the virtual two-loop corrections [10], 
which are known to order œf. The Ao terms are the hard contributions from gluon 
radiation in gg and gq scattering and gq annihilation. The corresponding K -factors 
for these terms are shown in Fig. 1.14. The virtual Kyir and the Kgg factors are the 
largest and in the order of 50%, while the others do not contribute much. The total 
correction at LHC energies is between 60 and 90% for low and high Higgs mass 
ranges, respectively. 

Recent calculations even include NNLO, soft N°LO and N? leading-log (NLL) 
calculations [61]. It turns out that NNLO corrections are still relatively large. Only 
at the following order the perturbation series starts to converge and yields smaller 
contributions (see Fig. 1.14). At all orders the dependence on the Higgs mass is 
large, and the gluon fusion cross-section at the LHC drops from about 60 pb for low 
My to below 10 pb for large My. 

For the description of the transverse momentum, pr, and rapidity, n, dependence 
of the gg —> H process at higher orders Monte Carlo techniques are used. Fur- 
thermore, this allows the application of more realistic phase space cuts that are 
close to event selections applied on detector level. Calculations with the NNLO 
program FEHiP [62] have shown that NNLO effects can change the cross-section 
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Fig. 1.14 (a) K-factors for the gg — H production cross-section at NLO [10]. (b) N?L0 calcula- 
tions of the gg —> H production cross-section [61] 


within cuts by up to 5% [63]. Standard Monte Carlo programs like Pythia [64] or 
MC@NLO [58], only include LO or NLO effects, but may be improved to NNLO 
level by event reweighting [65]. 

Vector boson fusion (VBF) has a lower total cross-section than the gluon fusion 
process. But it provides the additional signature of quark jets with small transverse 
momentum, pr, that can be identified by the LHC detectors. In the longitudinal 
vector boson approximation [66] the total partonic cross-section is calculated to 
be [10]: 


G3M4N M2 $ M2 
5 —> qq H) = Æ — C 1+ — Jlo 24+2—"! , (1.116 
ôĉLolqq > qq H) NE v{( a) ae 7 (1.116) 


where N, = 3 denotes the colour factor and My the vector boson mass. The factor 
Cy contains the quark-boson coupling constants: 


Co= (st!) + (E EES) w= anD 


Because of the larger charged couplings the WW fusion is one order of mag- 
nitude larger than the ZZ fusion in this approximation. More complete calcula- 
tions include all polarisations of the intermediate bosons, like the one displayed 
in Fig. 1.15, and NLO Monte Carlo programs are available [67]. 
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Fig. 1.15 (a) Vector boson fusion cross-section o (qq —> V*V* — Hqq) at leading order [10]. (b) 
Pseudo-rapidity distributions of the quark jets in the VBF process. The most central jet is shown 
as a solid line, the most forward one as a dashed line [68] 


Especially interesting is the kinematic behaviour of the quarks and bosons in 
the VBF process. The direction of the bosons emitted from the initial partons is in 
general close to the actual parton direction and their energies are of the order of 
the Higgs mass. Therefore the remaining parton quarks keep practically all their 
initial energy of about | TeV (at LHC) and have small transverse momentum, pr. 
This also means that the hadronic quark jets are produced in the forward region. 
When expressed with the pseudo-rapidity, 7 = — log tan 2, which is a function of 
the polar angle @ with respect to the colliding particles, values in the range 1 < n < 
5 are preferred, as illustrated in Fig. 1.15. Since there is no colour flow between 
the two initial parton quarks a so-called rapidity gap is expected to be observed in 
VBF production, which means that the hadronic activity in the central ņn range is 
reduced. This feature is used to reduce background, mainly from tf events which 
are produced more centrally. 

In the low Higgs mass region, My < 150 GeV, also the associated production 
with W and Z bosons, gg — WH, ZH has a sizable production rate. To lowest 
order the partonic cross-section is given by: 


2 g4 2 M2 2 272 
sag > vm = E cynn (m, mg, 3) “MY MiS) + OMS 
TAA (1 — M/S) 
(1.118) 
with the coupling factors for V = W, Z: 
q\2 q\? 
Cz = (84) + (84) » Cw=1 (1.119) 


and the two-body phase space function 
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2 
Mx, zy) = (1 Žž z) i, (1.120) 
Z Z Z 


Since it is a two-body decay the Higgs and the vector boson are produced back- 
to-back in the gq rest frame, which may be used in the search for the Higgs boson. 
The dependence of o(¢gq — VH) on the Higgs mass at the LHC is shown in 
Fig. 1.16, including NNLO QCD and electroweak radiative corrections. 

The associated Higgs production with heavy quarks is like the associated vector 
boson production mainly important for low Higgs masses. There are ten leading 
order Feynman diagrams, since not only quark annihilation g\g; > g > qoq2.H 
contributes but also gluon fusion gg —> q2G2H with s- and f-channel graphs. A 
closed expression is therefore quite involved. More details can be found in [10]. 
The evolution of tf H production with My for LO and NLO calculations is given in 
Fig. 1.16. 

Figure 1.17 shows a summary of the different cross-sections for the various Higgs 
production mechanisms. At the LHC, gluon fusion clearly dominates and VBF is 
very important in all My ranges. 

The decay of the Higgs boson eventually determines the search strategy at the 
LHC. The gluonic decay width already played a role in the gluon fusion process. 
However, due to the multi-hadronic environment caused by the underlying event 
and pile-up events, purely hadronic Higgs decays are very difficult to detect. 

The other loop induced decay into two real photons, H — yy, is more important 
because it has a clear detector signature. The decay width at lowest order is similar 
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Fig. 1.16 (a) Higgs cross-sections for associated boson production. The solid line includes both 
NNLO QCD and electroweak radiative corrections, the dashed line only includes NNLO QCD 
effects. At this order of the perturbation series, also gg — ZH production contributes, which 
is indicated separately [69]. (b) Predictions of the 7H production at LHC energies at LO and 
NLO [70] 
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Fig. 1.17 Higgs production cross-sections at NLO [10] 


to Eq. (1.110), except that the coupling to the final state is electromagnetic and all 
charged particles are included in the loop: 


2 


iors p= Green Mi Y NQ AË (tp) + Ab (tw) (1.121) 
L SL a c WwW . 
The additional term 
1 
A#(t) = = S120" 431 +3(2t —Df@I (1.122) 


is from W bosons in the loop. The fermionic amplitude A7 (tf) and the functions 
f(T) are defined in Eq. (1.112). The colour factor, N}, equals 3 for quarks and 1 for 
leptons. 

The photonic decay width is much smaller than the gluonic one, as shown in 
Fig. 1.18. Both decrease fast with increasing Higgs mass when the decay channels 
to the heavy vector bosons open. This is also the case for the decay into low mass 
fermions. 

The fermionic Higgs decay width at lowest order is given by 


GEN; 
— Mym? p3 (1.123) 


MH > f= 
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Fig. 1.18 Higgs total decay width (top) and branchings fractions (bottom). Two-loop QCD and 
leading electroweak corrections are included [10] 


with the velocity of the fermions, By = ,/1— 4m? / MŽ. Since the width is pro- 
portional to the fermion mass, mainly b and f quarks need to be considered. In this 
case, also QCD corrections need to be taken into account. If the Higgs mass is much 
larger than the quark mass, My >> mg, which is the case for the b quark, one can 
approximate at NLO: 
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3Gr 4a, (9 3 m 
1+ +=] 1.124 
4/20 i| 3x (; 2 8 M2 hie) 


Also for the top quark, where the previous approximation does not hold any 
more, QCD corrections are formally added by a Aj, term that depends on the top 
velocity 6,: 


TNol(H > qq) ~ 


Tnio(H > tt) = 


ralja 4% 3 
mB; ea es Ain (Br) (1.125) 


3GF 
44/27 
Due to the kinematics the branching fractions for low mass Higgs bosons, My < 
150 GeV, is dominated by the bb decay, as can be seen in Fig. 1.18. Also the decay 
to tau pairs is important. Top pairs are clearly only produced beyond the 2m, mass 
threshold. However, Higgs decays into vector boson pairs are still dominating the 
branching ratio in the high mass region My > 150 GeV. 
The Higgs partial decay width into two real vector bosons is given by 


Gr MÈ 
Tr(H > VV)= TH syy] 4x(1 — 4x + 12x°) (1.126) 
164/27 
with ôw = 2, dz = | and the mass ratio x = . This means that for very large 


Higgs masses the decay width into W bosons is ao times larger than the one into Z 
bosons. Also interesting is the longitudinal polarisation fraction 


T: 1 — 4x + 4x? 
= (1.127) 
C7 +707 1 — 4x + 12x? 


which approaches 1 for large My >> My. The W and Z boson are therefore practi- 
cally 100% longitudinally polarised in the high Higgs mass range. 

When the Higgs mass is not large enough to decay into on-shell vector bosons, 
off-shell production needs to be taken into account, with the subsequent decay into 
lepton pairs, H —> VV* — ffff. Details of this decay mode are described in 
Chap. 7. 

The total Higgs decay width as a function of My is displayed in Fig. 1.18, 
together with the branching fractions into the various final states. 


1.9 Comparison of Theory and Experiment 


Theories need to be compared with physics data to either approve or falsify their pre- 
dictions. An important technique is the Monte Carlo modelling of physics processes, 
the subsequent simulation of their signatures in the experimental setup and the final 
comparison to measured data distributions and interaction rates. Many Monte Carlo 
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generators are available and each has its specific advantages and physics domains 
where they are applied. 

Pythia [64] and Herwig [71] are multi-purpose generator and are used to simulate 
ete”, ep, and hadron collision events. In collisions involving protons, the distribu- 
tion of the partons inside the proton are taken from internal or external PDF libraries, 
like LHADPDF [72]. The most common PDF sets are CTEQ6 [73] and MRST [74] 
which are to be matched to the proper order of the QCD perturbation series of the 
Monte Carlo process. Pythia and Herwig (in combination with JIMMY [75]) also 
include the simulation of beam-remnants, underlying event and multiple interactions 
for pp and pp processes. Both programs are used for simulating the fragmentation 
and hadronisation of quarks and gluons and can be run together with other event 
generators. 

At LEP, four-fermion final states are mostly generated with the programs KandY 
[49], RacoonWW [48], GRC4f [76], EXCALIBUR [77], YFSZZ [78], and 
WPHACT [79]. Fermion-pair production is simulated with KORALZ [80] and its 
successor KK2f [81] and Bhabha scattering with BHWIDE [82] and TEEGG [83]. 
Hadronic 2-photon events are best described by PHOJET [84] and TWOGAM [85], 
while leptonic events of the same kind are usually generated with DIAG36 [86] and 
LEP4F [87]. Photon radiation off leptons can be produced with PHOTOS [88] and 
tau lepton decays are modelled in TAUOLA [89]. 

For proton-proton collisions at the LHC, the Sherpa [56] and Alpgen [57] pro- 
grams implement parton-shower matching and are able to describe W/Z production 
with up to four and five jets, as well as VBF and b-quark associated Higgs pro- 
duction. Alpgen is applied in photon pair production, like the multi-purpose tool 
MadGraph/MadEvent [90], which also describes vector boson and vector boson pair 
production. The purpose of the AcerMC [91] package is the generation of Zbb/Ztī 
as well as top pair events. 

The MC@NLO [58] event generator is one of the few Monte Carlo tools includ- 
ing full NLO corrections to a selected set of processes in a consistent way, like 
inclusive W or Z production, tf production, electroweak boson pair production, as 
well as Higgs boson production and decay to WY W7 and yy final states. 

Production cross-sections of electroweak bosons at NNLO accuracy are avail- 
able using FEWZ [92]. NLO calculations of the production of W and Z bosons and 
two jets with or without heavy quark tag can be performed with the MCFM [93] 
program and higher order corrections to yy production are commonly done with 
RESBOS [94]. 


1.9.1 Hadronisation Models 


There are three main Monte Carlo programs that are used for modelling frag- 
mentation and hadronisation of quarks and gluons: Pythia [64], Herwig [71], and 
Ariadne [95]. The quarks and gluons are usually the result of the preceding Monte 
Carlo generation step. 
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In Pythia, the leading order hard scattering process is completed by the parton 
shower formalism to incorporate QED and QCD radiative leading-log corrections. 
In both initial- and final-state, the showers develop according to the branchings e > 
ey,d > 48,49 > GY, g —> gg, and g — qq. The rates are proportional to the 
integral f Pa—>bc(z) , dz, with the splitting kernel P,_,,.(z) which depends on the 
energy fraction z = Ep/Ea carried by the splitting product b. The other particle has 
energy (1 — z) after the splitting process. In the final state, Pythia is evolving the 
showers from a virtuality scale scale Q2, down to a lower scale Q2. Time ordering 
is done either according to the mass, m, of the shower partons or in recent Pythia 
versions according to pr, where pr = 2(1 — z)m?. 

The hadronisation package of Pythia can be used independently from the main 
generator. It applies the string fragmentation model to the parton shower products or 
to inputs from external generators. The string picture starts from the assumption that 
the energy between a colour dipole, like a gq pair for example, is linearly increasing 
with the distance between the charges. When the charges move further apart the 
energy stored in the string increases and it eventually breaks to form a new colour 
charge pair. A qq pair may split into two colour singlets gq’ and q’g. This process 
continues until only on-mass-shell hadrons remain. The subsequent decays of the 
hadrons are also treated by Pythia. 

Several parameters are available to adjust the model to measured data. Especially 
the tuning of the parton shower and fragmentation are important, and in case of 
hadron collisions also the underlying event structure. For the parton showers the 
Lund fragmentation function is typically used for light, uds, flavours and the Peters- 
son function for heavy, c and b, flavours with their tuned parameters. Furthermore, 
the Agcp value used for the running of the strong coupling a, in parton showers 
can be adjusted, as well as the parton shower cut-off value Qo. In general, each 
experiment is individually trying to obtain the best description of the hadronic data 
distributions. 

For LHC studies, the recent implementation of parton showering, commonly 
known as pr-ordered showering, is used together with the new underlying event 
model where the phase-space is interleaved/shared between initial-state radiation 
(ISR) and the underlying event. 

The Herwig program also treats quark fragmentation according to the parton 
shower model, fragmentation is however performed differently. In the Herwig clus- 
ter fragmentation model quarks and gluons from the parton showers combine locally 
into clusters. They are much less extended and less massive objects than strings. 
Only singlet combinations of partons are allowed to form clusters. These decay 
quasi isotropically into a small number of hadrons each. Like for Pythia, measured 
hadronic distributions are used to tune the Herwig model parameters, for exam- 
ple the QCD scale Agcp or the cluster mass parameters which describe the cluster 
fission. 

The Ariadne program applies the dipole-cascade model to the fragmentation of 
quarks and gluons. The emission of a gluon g; from a quark anti-quark pair gq is 
modelled as radiation from a colour dipole between the q and the g. The two new 
dipoles gg; and gig again radiate softer gluons. Radiation from the gq dipole is 
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suppressed by the colour factor 1/N?. The strong coupling œs in the differential 
cross-sections do /(dx dx,) for the processes gg > qq + 8, q8 — q8 + g, and 
gg — gg + g is evaluated at the transverse momentum scale, Pas of the emission. 
The ordering of the gluon emission is also arranged according to the pr scale, where 
Sudakov form factors describe the probability of having emissions at a higher scale. 
Gluon splitting g — qq is also possible and competes with the emission of another 
gluon. QED photon radiation in the cascade are treated similarly to the QCD gluon 
emission, however the photon emission is less probable since the electromagnetic 
coupling constant is much smaller than the strong coupling. Eventually, at the end 
of the cascade, the Pythia hadronisation model is applied to form the final state 
hadrons. The main parameters that can be tuned in Ariadne to describe hadronic 
data are, for example, Agcp and a p, cut-off parameter. 


1.9.2 Detector Simulation 


The simulation of the interaction of the final state particles with the detector is 
important to deduct the properties of the underlying physics processes from the mea- 
surement. The experiments at LEP and the Tevatron used the GEANT3 [96] FOR- 
TRAN program to calculate the particle trajectories and their energy depositions in 
the detector. Effects like ionisation energy loss, multiple scattering, electromagnetic 
showering and hadronic interaction with matter are implemented. The LHC exper- 
iments moved to the C++ coded GEANT4 [97] software, which is an evolution of 
GEANT3. The detailed detector simulations are in general very computing time 
consuming. Faster parameterisations [98] of the detector behaviour are therefore 
used in some applications under the condition that their precision is sufficient for 
the physics measurement. 
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Chapter 2 
The LEP Experiments 


The LEP experiments ALEPH, DELPHI, L3, and OPAL measured ete~ collisions 
from Z peak energies between 89 and 93 GeV up to highest energies above the 
W-pair threshold between 161 and 209 GeV. The goal of their experimental program 
was the determination of the properties of W and Z bosons, like their mass, width 
and their couplings to fermions and gauge bosons. It was also hoped to discover 
new phenomena, like the discovery of the Standard Model Higgs boson or super- 
symmetric particles. This was, however, not achieved. This chapter introduces the 
LEP collider and the important aspect of the calibration of the collision energy. The 
main features of the LEP experiments are presented. 


2.1 The LEP Collider 


The LEP ring [1] at CERN was installed in a tunnel of 26.7 km circumference at 
50-175 m under ground and crossing the Swiss—French border. It was composed of 
eight 2.9 km long arc sections and eight 210 m long straight sections. The accelerator 
lattice was made of focusing-defocusing quadrupole and dipole structures, so-called 
FODO elements. Each of the element was 79 m long and 31 elements were arranged 
into one octant. The magnet system was built of 3,368 bending dipoles, together 
with about 800 quadrupoles for focusing and defocusing, and 500 sextupoles and 
further 600 dipoles for orbit correction. A bending field of up to 0.134 T created by 
steel-concrete dipoles kept the electrons circulating in the LEP ring with an effective 
bending radius of 3,026 m. 

The acceleration of the electrons and positrons started with the 600 MeV lin- 
ear LINAC injector for LEP (LIL). Both particle types were accumulated in the 
Electron-Positron-Accumulator (EPA) and the particle bunches were further accel- 
erated in the Proton Synchrotron (PS) and the Super-Proton-Synchrotron (SPS) 
before they are eventually injected with an energy of about 20 GeV into LEP. The 
bunches collided every 22 us at the interaction points (IP), where the experiments 
were installed. A collimator system protected the installation from synchrotron 
radiation. The CERN accelerator complex is shown in Fig. 2.1. The number of 
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interactions at the IPs is proportional to the luminosity of the et and e~ beams, 
which is given by 


— Nino bres (2.1) 
4n(o*) 
where N, œ 10!! is the number of particles per bunch, n, the number of bunches 
per beam, fey = 11,246s7! the revolution frequency and (o*)? the transverse 
intersecting beam area at the IP. The luminosity is limited by electromagnetic 
beam-—beam interactions between electron and positron bunches. They lead to a shift 
of the tune value Q, which describes the number of betatron oscillations per turn. 
For LEP, Q varied between 60 and 100, depending on the beam optics. The tune shift 
AQ had to be kept below 0.04 to provide stable running and optimal luminosity. 
The maximisation of luminosity was achieved by increasing the number of 
bunches, np. In the first years, there were 4 bunches per beam, which was then 
changed to the “Pretzel” scheme with 8 equidistant bunches. Eventually, in the last 
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years of LEP, a bunch train scheme with four trains of three bunches and later four 
trains of two bunches was employed. 

The transverse betatron amplitude, o*, is also an important luminosity parameter. 
It is usually expressed in terms of the transverse emittance £ and the 6-function at 
the IP, 6*: 


o* = y eß* (2.2) 


In the horizontal plane, 6* reached 1.25 m mainly determined by horizontal oscil- 
lation damping due to emission of synchrotron radiation. In the vertical plane 6* was 
about 4cm. Both values were achieved by installing strong focusing superconduct- 
ing quadrupoles with a high gradient of 55 T/m at the IPs. 

The final luminosity achieved was 4.3 x 10°! cm~*s~! at 46 GeV beam energy 
and about 103? cm~?s~! at 100 GeV, with a beam current of 1 mA per bunch. 

The record beam energy of 104.5 GeV that could be reached was limited by 
synchrotron radiation. The energy loss per turn is in good approximation given by 
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AE — 
3 mR 


, (2.3) 


with the electron mass, me, the beam energy, Ep, and the effective bending radius, 
R ~ 3026m. At Ep = 104.5 GeV the loss was therefore about 3.3% of the beam 
energy per turn, which had to be compensated by the accelerating radio-frequency 
(RF) power. The RF cavity system [2] was installed in the straight sections. For 
Z pole energies in the LEP1 phase, 128 five-cell copper cavities were sufficient to 
supply the acceleration power. For high energy operation in the LEP2 phase, the cav- 
ities were replaced by 288 superconducting four-cell cavities running at 352 MHz, 
31,320 times the revolution frequency, fe). To reach the highest energies 56 copper 
cavities were added to finally achieve a total voltage of 3,630 MV, corresponding 
to an average gradient of 7.5 MV/m. This dramatically exceeded the original cavity 
design value of 6 MV/m and was only possible by special cavity conditioning. 


2.2 LEP Energy Calibration 


The calibration of the beam energy [3, 4] was of primordial importance during both 
LEP phases to determine Mz and Mw with high precision. At LEP1, the Z boson 
mass was derived from the measurement of the fermion-pair cross-sections mainly 
at the 91.2 GeV peak of the resonance shape and at two off-peak points +1.8 GeV 
above and below the peak. The contribution of the LEP energy uncertainty to the 
Z mass and width error is approximatively given by [13]: 
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AMz © 0.5A(Ep42 + Ep-2) (2.4) 


Tz 
Arz =? AE,p — Peay (2.5) 
Ep42 = Ep2 p+ p 


where E> and Ep42 are the two off-peak centre-of-mass energies. 

The best method to measure the beam energy is by resonant depolarisation. The 
Sokolov—Ternov effect [5, 6] provides the mechanism for transverse polarisation 
of the beam electrons. Due to synchrotron radiation the electron spin is aligned in 
the magnetic dipole field. The degree of polarisation is measured with a Compton 
polarimeter using polarised laser light. The beam polarisation is disturbed by a trans- 
verse oscillating magnetic field of a certain frequency, v,. Depolarisation resonance 
appears if the ratio v,/v,ey is equal to the non-integer part of the number of spin 
precessions per turn, also called spin tune, v,. For the three energy scan points, 
Ep-2, Ep, Ep+2, the spin tunes were 101.5, 103.5 and 105.5 respectively. The cor- 
responding beam energy can then be determined from the relation 


VsMe 


Ey = ——. , 
Bn = 2)/2 


(2.6) 


where me is the electron mass and (ge — 2)/2 the anomalous magnetic moment of 
the electron. The resonant depolarisation method yields a beam energy precision 
below 1 MeV. The main measurements were performed on the electron beam only, 
but a few cross-calibration measurements with the positron beam showed that both 
beam energies agree well within less than 0.4 MeV. 

Sufficient beam polarisation could however only be achieved for E, up to 
61 GeV. Also, the energy calibration could only be performed in dedicated calibra- 
tion runs and not during physics data taking. The precise energy values had therefore 
to be extrapolated to physics runs and to other beam energies. This is performed by 
means of the strength of the magnetic dipole field B which, after integration over 
the whole LEP ring, is proportional to the beam energy 


ec 
E, = — ỌBds. (2.7) 
20 


A continuous measurement of the B field was therefore performed using nuclear 
magnetic resonance (NMR) probes installed inside the magnets, as shown in Fig. 2.2. 
In the LEP1 phase, 4 NMR probes were read out and 12 more probes were added for 
LEP2. A LEP energy model [4, 7] was developed to derive the beam energy from 
the NMR measurements. Many time-dependent details were taken into account, for 
example the variation of the bending field due to parasitic currents flowing along the 
beam pipe (the “TGV effect”), the monitored dipole temperature, corrections due to 
tidal movement of the LEP ring (the “moon effect”), as well as corrections due to 
the beam orbit position. 

Three further and complementary measurement methods were applied to esti- 
mate the uncertainty of the reference energy determination with NMR. A magnetic 
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Fig. 2.2 (a) Schematic view of the LEP reference dipole magnet with NMR probe and flux loop 
installed. (b) Comparison of the beam energy measurements using the LEP spectrometer, the flux 
loop and the tune shift, Q,, with the measurement by the NMR probes. Also shown is the result of 
the global calibration fit [4] 


flux-loop was installed in one special dipole magnet. It determined the magnetic 
field induced in a large copper loop during the ramping of the magnet currents. 
In the last year of LEP running, a beam spectrometer made of a steel dipole and 
a triplet of beam-position monitors provided a second alternative energy measure- 
ment. Finally, the beam energy can be determined from the synchrotron tune, Q,. 
It is defined as the ratio of the longitudinal beam oscillation frequency to the revolu- 
tion frequency. The longitudinal beam oscillations are a combined effect of energy 
loss due to synchrotron radiation and the acceleration in the RF fields. From the 
relative phase of a bunch and the RF voltage Q, was measured and, knowing the 
RF peak voltage, E, could be calculated. Figure 2.2 compares the three alternative 
methods to the nominal NMR energy calibration as a function of beam energy. The 
methods yield consistent results. 

The systematic uncertainties in the final calibration originated mainly from this 
comparison, which contributes with about 20 MeV to the uncertainty on the centre- 
of-mass energy at LEP2. Additional 10 MeV are from the modelling of the energy 
loss between the RF stations, which is needed to determine the exact energy at 
each IP and also to relate the LEP spectrometer measurements to those of the NMR 
method. A special situation was in the last year of LEP running, where previously 
unused horizontal correction dipoles were used. With these additional magnets the 
bending field was spread over a longer trajectory which leads to an increase in 
attainable beam energy. The gain was about 120 MeV per beam, which was push- 
ing the discovery potential of LEP to higher particle masses. The downside was an 
increased systematic uncertainty of about 30 MeV on ./s, however, only for the 
highest centre-of-mass energies ys > 205 GeV. Sources of smaller systematic 
uncertainties were also studied like the ee” energy difference, the beam energy 
variation during the fill, the variation of the RF frequency, the precision of the 
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resonant depolarisation measurement, and the additional dipole field component due 
an imbalance in the current feeding the focusing and defocusing quadrupoles. 

Eventually, an I[P-dependent calibrated centre-of-mass energy was provided in 
time steps of 15 minutes. A precision of 2-3 MeV and 3-7 MeV was reached for 
each off-peak and on-peak point of the Z resonance scan, respectively. The beam 
energy spread was in the order of 55 MeV. At higher energies above the W pair 
threshold, the centre-of-mass energy was calibrated for most of the energy points 
to better than 25 MeV, while the beam energy spread was about 250 MeV. Since 
the calibration procedure applies common corrections for the energy points, also 
correlations are determined and taken into account. The very good understanding 
of the LEP accelerator is eventually the basis for the precise measurements of mass 
and width of the Z and W bosons performed by the LEP experiments. 


2.3 The ALEPH, DELPHI, L3 and OPAL Experiments 


The four LEP detectors, ALEPH [8], DELPHI [9], L3 [10] and OPAL [11], are 
multi-purpose detectors designed to measure the products of head-on e*e~ colli- 
sions in their centre. A schematic view of the different sub-detector systems installed 
in the four experiments is shown in Figs. 2.3 and 2.4. The experiments are all 
equipped with silicon tracking detectors close to the interaction point. The silicon 
devices are arranged cylindrically around the beam pipe, typically at radii between 
5 and 15 cm. Their main purpose is to resolve secondary vertices from B hadron 
decays, which travel about 3 mm before decaying. With an impact parameter res- 
olution below 100 um, b quark decays of the Z boson can be separated from light 
quark decays, and b decay modes of a possible Higgs boson can be identified. The 
silicon detectors are surrounded by gas drift chambers, where different technologies 
are used. ALEPH and OPAL installed a tracking or vertex chamber at smaller radii, 
completed by a time projection or jet chamber used for tracking of charged particles 
at larger radii up to about 2 m. L3 had a single time expansion chamber [12] with an 
outer radius of 60 cm, while DELPHI used a time projection chamber. Identification 
of particles was done by determination of ionisation energy loss along the tracks, 
dE/dx. DELPHI used a Ring Image Cherenkov detector for separating relativistic 
particles of different mass. For the measurement of track momenta, solenoids pro- 
vide a magnetic bending field between 0.5 and 1.5 T, which covers at least the inner 
tracking detectors. 

The measurement of the energy of electromagnetic particles, like photons and 
electrons, is performed by electromagnetic calorimeters. The ALEPH detector used 
a lead/wire chamber sampling technique, while lead glass and bismuth germanate 
(BGO) crystals were installed in OPAL and L3, respectively. DELPHI used a high 
density projection chamber with lead absorber walls for electromagnetic calorime- 
try. Sufficient material density of in the order of 20 radiation lengths, Xo, guaran- 
teed that the electromagnetic showers and energy depositions are contained in the 
calorimeters. 
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Fig. 2.3 The ALEPH and DELPHI detectors at the LEP collider 


Jets from fragmented quarks and gluons usually traverse the electromagnetic 
detectors and were registered and eventually stopped in the hadronic calorimeters. 
Here, ALEPH, DELPHI and OPAL used the magnetic return yoke made of iron as 
absorber, equipped with streamer chambers or tubes. L3 had a depleted uranium and 
wire chamber sampling calorimeter. The minimal ionising muons are not stopped in 
the inner detector and calorimeter layers and were measured in a muon detection 
system in the outermost shell of the LEP experiments. The correct event timing 
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Fig. 2.4 Schematic view of the L3 and OPAL detectors 
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and rejection of cosmic ray background was performed by scintillator time-of-flight 
systems. 

The tracking performance for muons from Z peak decays, Z > jut u”, reaches 
a resolution between 1.5 and 2.5% for the LEP experiments. Electrons and photons 
are measured with about 1-2.5% energy resolution. The uncertainty on hadronic jet 
energies is in the order of 10% for 45 GeV jets. 

Important for cross-section measurements of the different physics processes is 
the precise knowledge of the beam luminosity, L. At LEP, small-angle Bhabha scat- 
tering served as a reference process to determine L. This process is well described 
by QED and has small electroweak corrections when the acceptance region is 
restricted to small polar angles between 0min and Omax. At lowest order the differen- 
tial cross-section at small scattering angles is given by 


do œ? 9 A. Noe a 


= N ; 2.8 
dQ s sin*(@/2) s 04 Ge) 
Integrating over the acceptance angles and using dQ ~ 270 d0, yields 
16ra? 1 1 
Oacce = ‘ (= 7 ) : (2.9) 


The electrons and positrons of the small-angle Bhabha process are detected 
in luminosity monitors installed in the very forward regions of the detectors. To 
obtain the 0.1% precision on the luminosity, the fiducial volumes have to be very 
well defined. Therefore a combination of electromagnetic calorimetry and silicon 
devices for exact angular measurement are used. The final uncertainties actually 
fully reached the expectations, and the dominating systematic effects on Z peak 
cross-section measurements were due to the limited precision of the theoretical pre- 
diction for the Bhabha cross-section in the angular range [13]. 
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Chapter 3 
Gauge Boson Production at LEP 


The main research goals of the LEP program were the detailed study of the Z and W 
boson properties. In the first phase of LEP, the Z line-shape was explored to exactly 
determine the Z mass, width and the Z-fermion couplings. The data collected by the 
four LEP experiments at energies around the Z peak consists of 17 million Z decays, 
ete” + Z — ff(y), completed by 600 thousand Z decays measured by the SLD 
experiment at the SLC. A short summary of the main results shall be given here. 

At energies above the Z peak, single-Z production, e'e~ > Zete~, and Z-pair 
production, ete” — ZZ, are kinematically accessible. The reactionete” > Z+y 
was studied as a possible calibration process for the LEP beam energy. This calibra- 
tion is important for the determination of the mass of the other heavy gauge boson, 
the W. 

The massless photon is ubiquitous [1] in all reactions as it is radiated by charged 
particles and therefore usually included in the definition of the physics process, 
like inete™ — Z — ff(y), for example. More interesting are the non-inclusive 
processes, like Compton scattering, ete —> yete™ and photon pair-production 
ete” > yy(y). 

At LEP energies above 161 GeV, W bosons are produced in pairs, ete — WW 
and singly in the process ete~ — Wev. The measurement of the corresponding 
cross-sections gives insight into the non-abelian structure of the boson couplings 
in the Standard Model. Pair production probes the WWy and WWZ vertex, while 
the single-W process involves only the WWy vertex. In the following, the measure- 
ments at the LEP collider are described. 


3.1 Z Pole Measurements at LEP and SLD 


At centre-of-mass energies around the Z pole the properties of the Z boson were 
determined with high precision. At LEP, the Z mass and width were derived from the 
line-shape of the Z resonance [2]. Forward-backward asymmetries of the Z decay 
products as well as decay branching fractions were determined by LEP and SLD for 
leptons, hadrons, and also separately for heavy quarks flavours. The polarised beam 
of the SLC allowed a measurement of the left-right asymmetry in leptonic Z decays. 
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Fig. 3.1 Measured and predicted hadronic cross-section in e*e~ collisions as a function of centre- 
of-mass energy [2] 


To measure the mass and width of the Z boson, the e+e~ centre-of-mass energy 
of LEP was varied over a range of +3 GeV around ys = Mz. At the different 
scan points the hadronic and leptonic cross-sections were measured to derive the 
resonance curve. The evolution of the hadronic cross-section in ete~ collisions is 
illustrated in Fig. 3.1. 

By scanning the line-shape of the Z resonance, the mass and width of the Z boson 
were determined by the four LEP experiments to be [2] 


Mz = 91.1875 + 0.0021 GeV (3.1) 
Tz = 2.4952 + 0.0023 GeV (3.2) 


assuming lepton universality. The precision of the Z mass is at the ppm level and is 
comparable to that of the muon decay constant Gr [3]. 

Further properties of the Z boson describe the production and decay at the reso- 
nance peak. They are usually summarised in a few observables that are input to the 
global electroweak analysis. The hadronic peak cross-section 


0 127 Tee Thad 127 Ire ar Iq 
Ohad = 2 > >= 2 7 (3.3) 
Mz; IZ Mz; I; 


is measured as [2]: 


al a = 41.450 + 0.037 nb. (3.4) 
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The analysis of leptonic decays into ete”, wt and ttt” pairs yields the 
hadronic to leptonic decay width: 


Tha 
R? = * = 20.767 + 0.025, (3.5) 
T, 


Le 


assuming lepton universality, which is experimentally confirmed by the good 
agreement of the measurement of the individual ratios, Re, R,, and R, [2]. 
Furthermore, the invisible Z decay width, Tiny = Iz — Ihaa — Dee — Tuu — Tr, 
can be derived from R? as: 


1 
o Dw  (12eR2\2 o 
Rinw = T = oo M2 R; 3 + ôr), (3.6) 


where 6, is correcting for the mass of the t lepton. From this ratio the number of 


light neutrino species, N,, is extracted assuming Standard Model couplings of the 
neutrinos to the Z boson: 


0 PES Tw 
Ro, =N, (3.7) 
Tee SM 


The analysis of the LEP data yields: 


N, = 2.9840 + 0.0082, (3.8) 


which is deviating from three by only 2 standard deviations. This is nicely illus- 
trated in Fig. 3.2. A more direct determination of the invisible Z width is obt- 
ained from studies of single- and multi-photon events produced in the reaction 


30 | ALEPH 
DELPHI 
L3 


OPAL 
20 + 


yaa Nb] 


(nb) 


+ average measurements, 
error bars increased 
by factor 10 


10 | 


86 88 90 92 94 


1 1 1 1 1 1 
100 120 140 160 180 200 


E VS (GeV) 


em [GeV] 
Fig. 3.2 (a) Measured hadronic cross-section at Z peak energies as a function of centre-of-mass 
energy [2], compared to predictions with 2, 3, and 4 light neutrino generations with Standard 
Model couplings. (b) Cross-sections of ete~ —> vd(y) and ete~ > viy(y) processes. The latter 
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ete” — vby(y), which results in N, = 2.92 + 0.05 [3, 4], again compatible 
with three light neutrino generations. The corresponding cross-section measure- 
ments from which this number is derived is shown in Fig. 3.2. 

Additional information on the Z coupling structure to the fermions is contained 
in the asymmetry measurements. They depend on the helicity of the colliding elec- 
trons and positrons and on the polarisation of the produced particles. The forward- 
backward asymmetry is defined as 


Nr — Ng 


aes 3.9 
Nr + Ng a 


FB 


where Nr (Ng) denotes the number of events in which the fermion is produced in 
the forward (backward) hemisphere, with polar angles 6 < 2/2 (0 > 2/2) with 
respect to the incoming electron beam. The leptonic asymmetry at the Z pole is 
measured to be: 


Agt = 0.0171 + 0.0010. (3.10) 


For t leptons, also the polarisation can be determined by studying the kinematic 
of the observed t decay products. For example, in t — mv, decays, the energy 
spectrum of pions in the tau rest frame depends on the tau helicity. These measure- 
ments yield 


Ac(Pr) = 0.1465 + 0.0033, (3.11) 


assuming universality of taus and electrons. 
The leptonic data are completed by the measurement of the left-right asymmetry 
at SLD 


Nu—Nr 1 
no. (3.12) 
Ni + Nr (Pe) 
from which the leptonic asymmetry parameter is derived as 
Ae = 0.1514 + 0.0022, (3.13) 


using Eq. (1.79). After combination with the determination of the left-right forward- 
backward asymmetry, Arr rp, the measured value of Ag is only slightly changed: 


Ap = 0.1513 + 0.0021. (3.14) 


The leptonic asymmetry measurements rely on correct charge tagging, which, 
in case of e, u and T, is rather precise, because the single-track charge confusion 
is usually small and elementary leptons have unit charge. This is however not the 
case for quarks and more refined methods are introduced to determine the qq charge 
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asymmetry in Z decays. By weighting the charged tracks in quarks jets according 
to their momentum, the forward and backward hemispheres can be assigned to the 
quark jets. The combined result of these measurements is expressed in terms of the 
effective leptonic weak mixing angle: 


sin? Ofe (QRS) = 0.2324 + 0.0010 (3.15) 


Identifying the heavy quark flavours yields additional information on the details 
of the Z decays. The combination of LEP and SLD data results in the following 
branching fractions and asymmetries for c and b quarks separately: 


R? = 0.21629 + 0.00066 (3.16) 
R? = 0.1721 + 0.0030 (3.17) 
Ape = 0.0992 + 0.0016 (3.18) 
Apis = 0.0707 + 0.0035 (3.19) 
Ap = 0.923 + 0.020 (3.20) 
A. = 0.670 + 0.027 (3.21) 


The asymmetry parameters, Ar, depend only on the ratio of the effective vector 
and axial-vector coupling constants, g5/ gf, while the square-root of their squared 
sum enters the partial Z decay widths. At LEP and SLD, especially the leptonic 
coupling constants are determined with high precision: 


8a = 8y = +0.50076 + 0.00076 (3.22) 
g4 = —0.50123 + 0.00026 (3.23) 
gy = —0.03783 + 0.00041 (3.24) 


with an anti-correlation of 48% between g} and gi, respectively gy, and gi, and 
only small correlations around 5% between gy and the other couplings. A com- 
parison between the individual results of the three leptons, e, u and t, shows the 
universality of the leptonic couplings which is illustrated in Fig. 3.3. The variation 
of the Standard Model prediction is also indicated, which agrees best with data if the 
Higgs boson is light. The value of g£ differs from the tree level value of T; = —5 
by 4.7 standard deviations, showing clearly the presence of electroweak radiative 
corrections. 

The various asymmetry measurements allow an extraction of the effective weak 
mixing angle, sin? Qe, independent of the value of the p parameter, when exploiting 
Eq. (1.92), since only the ratio of the coupling constants, gt, / ce appears. The results 
are shown graphically in Fig. 3.3, where the measurements are compared in terms of 
the leptonic sin? On. The two groups of leptonic and hadronic measurements each 
show very good agreement, while the comparison between the two is somewhat 
less consistent, although not with a very strong significance. This may hint to devi- 
ation in the hadronic sector, which is enhanced when looking at the right-handed 
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Fig. 3.3 (a) Effective vector and axial-vector coupling constants for leptons measured by the LEP 
experiments and SLC [2], compared to each other and to the Standard Model prediction for dif- 
ferent values of m, and My. The arrow indicates the variation of the theoretical prediction with 
Aa?,. (b) Measurements of the leptonic effective electroweak mixing angle at LEP and SLD [8] 


b-coupling, as done in Fig. 3.4. This will however remain an unanswered question 
until new data may become available, possibly from Z boson decays at the hadron 
colliders Tevatron and LHC or from an international linear collider (ILC). For the 
latter, the option of a high-luminosity running at the Z pole, called GIGAZ [5], is 
discussed. 
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Fig. 3.4 (a) Left and right handed b-quark coupling derived from LEP and SLD data. (b) Contour 
curve of the pi and sin? 65, measurements compared to the Standard Model predictions where My, 


m and Aa, are varied within the given ranges [2] 


3.2 Neutral Boson Production Above the Z Peak 61 
With the measured values of gt, and gh by LEP and SLC the combined lep- 


tonic effective weak mixing angle and the pẹ parameter are extracted according to 
Eq. (1.53) [2], which yields: 


sin? 64, = 0.23153 + 0.00016 (3.25) 


and 


pe = 1.0050 + 0.0010. (3.26) 


The Standard Model predictions at tree level 


1 x M2 
sin? 6, = ~(1—./1—4 zorn (Mz) = 0.23098 + 0.00012 (3.27) 
2 J/2GEM3 


1 (3.28) 


p 


deviate from these by 2.8 and 5.0 standard deviations. This is again a clear evi- 
dence for the existence of significant radiative corrections. Figure 3.4 shows the 
measured and predicted values in the p¢-sin? 6£. plane. It is interesting to note that 
best agreement between theory and experiment is achieved for light Higgs masses, 
as mentioned before, but also for top masses around 174 GeV, which agrees better 
with the recent m, result [76] than with the slightly higher measurement used at the 
time the graphic was produced [2]. 
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3.2.1 Photon Production 


The QED part of the neutral boson sector is tested at low energy to high preci- 
sion [6]. At LEP energies, pure QED processes are as well found to be in nice 
agreement with the theoretical predictions. Figure 3.5 documents the measurements 
of quasi-real Compton scattering ete7— ye*e”. In this reaction, one beam elec- 
tron (or positron) emits a quasi-real photon with low virtuality, Q? < 2 GeV, and 
escapes along the beam pipe. The photon and the beam positron (or electron) are 
scattered and measured in the detector. The effective centre-of-mass energy of this 
process can be calculated assuming three-particle kinematics: 


2E miss r: 
~s = TS , with (3.29) 
A/S 


| sin(@. + 4,)| 
sin 6e + sin 6, + | sin(@, + 6,)| f 


Emiss = Vs 


(3.30) 


62 3 Gauge Boson Production at LEP 


15000 
L3 10 5p L3 
d) = 
2 2 
2 = 
a fy 
a = 4024 
3 T 
© 10000 
ke) to 
A = 
o © e ye >ye Data 
r 10 - QED, 
T Icosé | < 0.8 t 
To 7 $ į i i f f y 
z wW 
~ 5000 3} | 
© ol ety ty ] j 
3 > = | 
— QED g 
| 35 GeV < Vs’ < 175 GeV E 
e taa ated aa E E i te ee 
-0.8 -0.4 0 0.4 0.8 os L , , , , , , , 
cosé (b) 20 40 60 80 100 120 140 160 180 
(a) \s’ (GeV) 


Fig. 3.5 Angular distribution of the detected electron and total cross-section of quasi-real Compton 
scattering, as measured by L3 [7] 


To reduce background from Bhabha scattering the effective scattering angle, 
cos 0*, is constrained to the central region 


sin(O, — 0e) 


a 0.8. 3.31 
sin 6, + sin 6, ( ) 


|cos6*| = 


The typical backward scattering angular distribution, which is given to lowest 
order by 


d Aoept (1 6* 2 
OF ja, QED 5 far CON oe (3.32) 
d cos 0* s! 2 1 + cos 0* 


is shown in Fig. 3.5. The LEP measurement is sensitive to very high values of 
o/s! = 175 GeV, that were never reached before. 

A similar good agreement with QED predictions is found for real photon pro- 
duction ete” — yy(y), where at least two high energetic photons are required 
with strict cuts on activity in the tracking system. The cross-section measurements 
at the highest LEP energies are compared to the theory in Fig. 3.6. The angular 
distribution is used to test possible deviations from QED, also shown in Fig. 3.6. 


The lowest order expression 


d Wat 2i0 1 29 
o — %QED + cos (3.33) 
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Fig. 3.6 Total cross-section of multi-photon production measured at LEP [8] and the correspond- 
ing angular distribution of photons [9] measured by OPAL, compared to QED predictions, shown 
as a continuous line. In the total cross-section calculation theoretical uncertainties are indicated as 
a shaded area. Possible deviations of the angular distribution due to exponential extensions of the 
Coulomb potential are shown as dashed lines, for A+ values very close to the LEP combined limits 


is extended by a term 


2 
a TTS 
2 (1 + cos? 0), (8.34) 


oT 


which corresponds to a short-range exponential deviation from the Coulomb poten- 
tial with a cut-off parameter A+. The LEP combined limits for this parameter are 
A, > 392 and A_ > 364 GeV at 95% confidence level [8], verifying the QED 
prediction nearly up to the TeV range. 


3.2.2 Single Z and Z-Pair Production 


At LEP energies above the Z resonance, the heavy neutral gauge boson is detected 
also in single Z and Z-pair production, ete~ —> Z/y*et+e~ — ffete~ andete™ > 
ZZ — ffff, respectively. They can be imagined as the extension of QED Compton 
scattering and photon pair-production to virtual, off-shell photons, y*, whose mass 
eventually reaches the Z boson mass. The final state objects are therefore not the 
massless photons but the decay fermions of the Z. 

On-shell ZZ production is described by two neutral current Feynman graphs with 
t- and u-channel electron exchange, the so-called NCO2 set. In the fully hadronic 
channel ZZ — qqqq, likelihood-based analyses are applied to separate signal from 
the most important ete” —> qq(y) and ete~ — WW backgrounds. Variables 
exploiting event shape and kinematics are combined, like, for example, the event 
sphericity, jet energy differences, inter-jet opening angles, jet resolution parame- 
ters, and the reconstructed Z boson masses. W-pairs are efficiently rejected by b-jet 
tagging. Figure 3.7 gives an example for the discrimination between ZZ signal and 
background on the basis of the b-quark content and the final probability variable. 
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Fig. 3.7 Jet b-tagging is used to reduce W-pair background in ZZ events (left). This variable con- 
tributes to the WW/ZZ separation power in the combined ZZ probability for the DELPHI signal 
candidate events (right). The cross-section is derived from a fit to the probability distribution, 
retaining those events with a probability of at least 0.25. The distributions are taken from [10] 


In the decay channel with two neutrinos, qqvv and £*£~ vv, jet and lepton pairs 
are selected without any other activity in the detectors. Only electron and muon pairs 
are accepted. The visible qq and £*£~ mass as well as the recoil mass are required to 
be compatible with Mz. To reject qq(y) events with hard ISR photons, the missing 
momentum should not point along the beam direction. 

In the semi-leptonic channel, qqét £7, with £ = e, u t, similar kinematic criteria 
are imposed as in the qqqq final state, for example: compatibility with the Z boson 
masses, transverse momentum balance, large effective centre-of-mass energy. 

The channel with the least number of ZZ candidates is the fully leptonic decay 
LLLE. The sample is however very clean with the practically only background 
from non-resonant ete €*€~ production. Z mass constraints are imposed either on 
both lepton pairs, or on the better reconstructed one and its recoil system. 

In general, the cross-section is derived from a fit to the final selection variable, 
usually a likelihood or neural network distribution. The ZZ event rate at the highest 
centre-of-mass energy of 207 GeV yields, e.g., 358 candidates selected by L3 [11] 
in a data sample of 138.9 pb~!. The signal expectation is 80.4 + 0.1 events and the 
background 278.4 + 0.6 events. The relative contributions to the ZZ signal from 
qqqq is about 58%, 24% from qqvv, 15% from qqét £7, 2% from £+ £~ vy, and only 
1% from te Lt e-. 

The LEP combined ZZ cross-section [8] is illustrated in Fig. 3.8. It agrees very 
well with the NC02 calculation of the ZZTO [12] and YFSZZ [13] programs, which 
have a 2% theoretical uncertainty. The ratio of all measurements at the different 
centre-of-mass energies to the expectation is concentrated into a single number, 
Rzz, taking correlations into account, which yields [8]: 
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Fig. 3.8 Measured cross-sections of single Z and Z-pair production [8] at LEP, compared to the- 
oretical predictions. The grey band indicates the systematic uncertainty on the theory calculation. 
Very good agreement is observed 


RZ = 0.952 + 0.052 
RIESZZ = 0.945 + 0.052 . 


Within the 5% measurement precision, there is good agreement with the theoret- 
ical predictions. The uncertainty is dominated by statistics, and the main systematic 
uncertainties are from the understanding of the b-tagging, the lepton and jet energy 
scale, jet rates, and background cross-sections in the ZZ signal region. 

Single Z production is measured at LEP in ete~ qq and ete” utu” final states. 
The signal cross-section is defined as the Compton-like four-fermion process et e~ > 
ete- ff with the following criteria on the phase space: My > 60 GeV, 6.+ < 12°, 
12° < @- < 120° and Ee- > 3 GeV. The positron is assumed to have emitted 
the scattering quasi-real photon, and the electron is interacting with this photon and 
is scattered into the detector acceptance region. The corresponding criteria apply 
similarly to the charged conjugate reaction. 

The detector signal is thus a pair of jets or muons, compatible with an on-shell Z 
boson, and a single scattered electron. In addition, large missing momentum point- 
ing along the beam direction is required. The main backgrounds in the hadronic 
channel are from single W’s, ete~ — qqev, quark pair production and W pairs. In 
the ete” u* u~ channel, mainly muon-pair and two-photon production, ete7 ut u7, 
need to be rejected. Figure 3.8 shows the measured cross-section as a function 
of centre-of-mass energy. Like for ZZ production, the measurement uncertainty is 
dominated by statistics, and the main systematic uncertainties are from lepton and 
jet energy measurement, selection efficiencies, background and signal modelling. 
Very good agreement with the theoretical calculations using the four-fermion pro- 
grams WPHACT [14] and GRC4f [15] is obtained. 
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3.2.3 Z+y Production 


The simultaneous production of the neutral gauge bosons, photon and Z, is inves- 
tigated at LEP in the decay channels qqy and vvy which are the dominant Z+y 
decays. In both final states, events containing an energetic photon with a recoil mass 
compatible with the Z boson mass are selected. In the hadronic channel, the mass 
of the jet-jet system must as well be close to Mz and there should be little energy 
imbalance in the event. Figure 3.9 shows an example of the L3 measurement, with 
a distribution of the photon recoil mass in vvy events, and the Zy cross-section as 
a function of centre-of-mass energy. 

The Zy process with an initial state photon, y;sr, escaping invisibly along the 
beam pipe is of special interest as a calibration method of the LEP beam energy. In 
those events, the detector signature is a jet or lepton pair, from ete” > Z+yisr > 
qq + yısr orete” > Z + yrr > L4 + ise, with large missing momentum 
along the beam direction. The Z mass can be determined precisely from the fermion 
directions, according to Eq. (3.29), if s/s’ is identified with the mass of the produced 
Z boson. The so-called radiative return to the Z is seen nicely in Fig. 3.10. The Z 
mass determined from the radiative events, MË, can be compared to the precision Z 
mass, Mz, from the Z peak. Equivalently, this comparison can be translated into a 
test of the LEP centre-of-mass energy using: 


MË — Mz 
Mz 


AVS = s/s — s/sipp = VS (3.35) 
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Fig. 3.9 Mass of the system recoiling to the photon in vvy events, as measured by L3 [16] (left), 
and the combined Z + y cross-section (right) compared to the theoretical prediction 
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Fig. 3.10 Z mass spectrum calculated from the muon production angles, as measured by 
OPAL [17], for all LEP energies combined (left). Difference in centre-of-mass energy A/s mea- 
sured by the four LEP experiments in hadronic and leptonic Z return events. The combined LEP 
value [18] is in good agreement with the more precise standard LEP energy calibration 


with the nominal value of V/s} pp [19] provided by the LEP energy working group. 
The LEP combined value is [18] 


Avs = 0.054 + 0.054 MeV (3.36) 


in good agreement with no shift with respect to the more precise standard LEP 
energy calibration. This is a nice confirmation of the calibration procedure and an 
interesting cross-check for the precise determination of Mw. 


3.2.4 Anomalous Neutral Gauge Boson Couplings 


From the measurement of ZZ and Zy production, one can infer on the coupling 
structure of the neutral triple gauge boson vertex. The most general ZZV vertex, with 
V = Z,y, for on-shell Z’s which respects Bose symmetry can be written as [20-22]: 


2 
s—m . : 
Fez (Qi qa P) = az fife?" (Peal? + ify a — ar)p}, G.37) 
Zz 


where P is the four-momentum of the incoming V boson, while qı and q2 are the 
four-momenta of the produced Z boson pair. The fs coupling is CP violating while 
fa is CP conserving. In the Standard Model, both are zero at tree level. 
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Similarly, the Zy V vertex is described by 


2 

S—m 

reign. qa, P) = — thi (aia? — a38") 
Z 


hY 
Eer (P -qg — q} PP) 
wA 


+hy eh? gy , 
+h% pe”? Pian}, (3.38) 


where V = Z,y is again the incoming virtual boson in the s-channel. Terms propor- 
tional to P“ and qf are omitted because they do not contribute in e*e~ annihilation. 
The couplings hy and hy are even under parity, and hy and hy are CP even. All 
couplings are C-odd, hy and hY are therefore CP violating. Because of gauge invari- 
ance for V = y both anomalous contributions vanish for s = M A In the terminology 
of an effective Lagrangian, the interaction is induced by operators of dimension six 
and higher. 

The h M couplings are determined from the kinematic observables in Z+y events, 
like the photon energies and angles and, if measured, the fermion energies and 
angles. Similarly, the full ZZ event kinematics is exploited to determine the vid 
couplings. The results of all LEP data combined [8] are shown in Figs. 3.11 
and 3.12. All couplings are found to be consistent with zero. The gauge boson 
coupling structure in the neutral sector fully corresponds to the Standard Model 
expectations. 
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Fig. 3.11 Contour curves of 68 and 95% confidence level limits on the neutral triple gauge cou- 
plings f} and f¥ [8] 
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Fig. 3.12 Contour curves of 68 and 95% confidence level limits on the neutral triple gauge cou- 
plings hj’ [8] 


3.3 Measurement of the W-Pair Cross-Section 


The three main final state categories for W-pair production at LEP are fully leptonic, 
£v£v, semi-leptonic, qqév(y), and fully hadronic, qqqq(y ), with branching fractions 
of 43.5, 46.2 and 10.3%, respectively. All events may be accompanied by photon 
radiation, indicated by (y), either in the initial or final state. The events are detected 
by identifying the visible W decay products, the leptons and quark jets. All lepton 
flavours, including leptonic and hadronic tau decays, are considered in the selection 
channels. 

The LEP experiments apply different strategies to retain the signal events in data 
and to reject the different backgrounds. Cut-based and likelihood-based selections 
are applied, as well as neural network techniques [23—26]. They all exploit the kine- 
matic properties of the events. 
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The main selection criteria for £v£v events are two charged leptons and missing 
energy. The leptons are required to be acoplanar to reduce the dominating back- 
grounds from lepton-pair production and possible cosmic rays. The latter is further 
suppressed by requiring an event timing compatible with the beam crossing. A 
veto on other activity in the detector is furthermore applied. The main remaining 
background is from two-photon collision processes. Figure 3.13 shows an example 
for the measured acoplanarity distribution in L3 data. The purity of the event sam- 
ples are around 70-80% and the selection efficiencies between 20 and 30% in the 
hadronic tvtv channel up to 60% for evev and ev uv events. The cross-efficiencies, 
especially for events with W — tv, decays, can be up to 10%. 

Semi-leptonic qq£v events are selected by their hadronic activity, two jets and 
one energetic and isolated lepton in the final state, and high invariant masses of 
the jet-jet system. The neutrino momentum is actually well reconstructed in qqev 
and qquv events by identification with the missing momentum. A large £v mass is 
used as selection criteria as well. The missing momentum is required to not point 
along the beam direction. An example for a variable combining lepton-jet separation 
and missing momentum direction is shown in Fig. 3.13. In the qqrv channel with 
leptonic tau decays, a low £v mass is used to separate this decay from the qqev and 
qquv events. This minimises the overlap between the semi-leptonic channels, which 
is at the 5-10% level. Hence, it reduces correlations in the measurement of the W 
branching fractions. The main background in the semi-leptonic channels is from 
ete” — qq(y) and Z-boson pair production. Efficiencies are between 50 and 65% 
in the tau channel and 75-90% in the electron and muon channel. The experiments 
with a larger angular coverage for efficient lepton detection generally obtain higher 
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Fig. 3.13 Example of W-pair selection variables used by the L3 experiment [25]: (a) acoplanarity 


of €vév candidates, (b) the angle between the muon and the next jet in qquv candidate events, 
multiplied by the sine of the missing momentum 
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efficiencies. The purity is as high as 98% and above for qqev and qquv events and 
reaches 65-85% in the qqtv channel. 

The selection of fully hadronic W-pair decays is based on little missing energy, 
high multiplicity and four-jet topology. Jet resolution parameters, like the Durham 
y34 variable [27], discriminate against quark-pair production with additional gluon 
radiation, ete” —> qqg. By applying a neural network based selection which uses 
different kinematic and topological quantities the main background from ete~ > 
qqgg and hadronic Z-pairs is further reduced. At a selection efficiency of 85-90% a 
purity of 80% is reached. Figure 3.14 gives examples for the spherocity distribution 
and the neural network output measured by L3. 

Each experiment retains 700-1,000 €vév candidates, 1,200-1,500 qqév candi- 
dates, and 5,000-5,500 qqqq candidates, from which the W-pair cross-section is 
derived. The total production cross-section for W-pairs is defined as the correspond- 
ing CC03 process, which means that other diagrams that lead to the same final 
state are considered as background. The efficiencies that enter the calculation are 
calculated with the state-of-the art Monte Carlo programs that include full O(a) 
electroweak corrections [28], like the KandY [29], WPHACT [14] and RacoonWW 
[30] event generators. Cross-checks between the different calculations are per- 
formed and yield consistent results. 

The W-pair cross-sections are determined in each decay channel separately and 
cross-efficiencies for other channels are taken into account. Systematic uncertainties 
arise mainly from the modelling of the detector response to the measured leptons 
and quark jets, which is between 1 and 2% of the cross-section. Smaller contri- 
butions are from hadronisation modelling, where the string-fragmentation model 
Pythia, and the colour-dipole models Herwig and Ariadne are compared. These 
models are tuned on Z decay data depleted in bb final states, which are the most 
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Fig. 3.14 (a) The spherocity in fully hadronic events is one of the inputs to the neural network 
analysis of the L3 experiment [25]. (b) The final neural network output of the qqqq selection [25] 
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similar to the hadronic W decays. Furthermore, there are uncertainties due to Final 
State Interactions (see Sect. 3.6), photon radiation and the variation of the W mass 
and width within their measurement uncertainties. Luminosity uncertainties are con- 
sidered as well. Altogether, the systematic uncertainties are in the order of 1.5—2.5%, 
much smaller than the statistical uncertainty for each channel and energy point. 

The total W-pair cross-section is determined by combining all decay channels 
at each energy points and assuming the W branching fractions to follow the Stan- 
dard Model prediction. When combining data of different experiments, correlations 
between systematic uncertainties are properly considered. Already with the data 
close to the WW threshold, there is clear evidence for the contribution of all three 
lowest order diagrams to the W-pair production, as can be seen in Fig. 3.15. 

Each single contribution from t-channel neutrino exchange, or s-channel y or 
Z boson exchange, shown in Fig. 1.8, would lead to a steadily increasing cross- 
section with centre-of-mass energy and would eventually violate unitarity. Only 
the coupling of the W boson to the other gauge bosons, y and Z, caused by 
the non-abelian nature of the SU(2) gauge group, and the interference between the 
three contributions guarantees correct high-energy behaviour and agrees with the 
measured W-pair cross-section. 

The result of the combined LEP measurement for /s = 161 — 209 GeV is 
shown in Fig. 3.15. The accuracy of the theoretical prediction increases from 0.7% 
at ./s = 170 to 0.4% at ./s above 200 GeV. At the threshold, where the W bosons 
are practically on-shell, the latest LPA/DPA techniques can not be applied and the 
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Fig. 3.15 (a) Early measurements of the W-pair cross-section by the L3 experiment for centre-of- 
mass energies close to the production threshold, compared to the Standard Model calculation and 
predictions omitting WWZ and WWy vertices. Only the non-abelian couplings of the W boson 
to the other gauge bosons and the interference between the t- and s-channel contributions avoids 
the violation of unitarity and agrees with the measured W-pair cross-section. (b) LEP combined 
measurement of the W-pair cross-section as a function of the centre-of-mass energy compared to 
latest theoretical predictions [8] 
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uncertainty on the prediction reaches 2%. All LEP data are in excellent agreement 
with the Standard Model prediction over the whole energy range. 

The agreement between the theoretical prediction is summarised in a single R 
parameter, which is the combined ratio of measurement to theory for the whole 
energy range: 


meas 


O, 
Rww = >> (3.39) 
Oww 
The extracted R values are [8]: 
RY = 0.994 + 0.009 (3.40) 
RRACOONWW — 0.996 + 0.009 (3.41) 


when comparing with the YFSWW and RacoonWW predictions. A very good 
agreement is observed within the experimental precision of 1%, which is close to 
the theoretical uncertainty of 0.5% [28]. 

From the measurements of the cross-sections in the individual decay channels 
the W branching fractions are determined, where the total sum is assumed to be 
unity. The results of the LEP experiments are shown in Fig. 3.16. The Standard 
Model expectation of the hadronic branching fraction, Br(W —> qq), is 67.51%. 
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Fig. 3.16 Branching fractions of the W boson as measured by the LEP experiments and their 
combination [8] 
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The leptonic ones are expected to be all equal with Br(W — £v) = 10.83%. As it 
is evident from the results of all LEP experiments, there is an excess of the branching 
ratio W — tv, which is at a level of 2.8 standard deviations: 


2Br(W —> tv) 
Br(W => ev)Br(W => uv) 


= 1.077 + 0.026. (3.42) 


Assuming lepton universality, the combined results of: 


Br(W > £v) = 10.84 £ 0.06(stat.) + 0.07(syst.) (3.43) 
Br(W + qq) = 67.48 + 0.18(stat.) + 0.21 (syst.) (3.44) 


are however in good agreement with the expectations [8]. 


3.4 Measurement of Single-W Production 


The production of single W bosons, ete7 — Wev, is defined as the complete 
t-channel subset of Feynman diagrams leading to the evff final state [8]. To suppress 
multi-peripheral graphs the process is further characterised by the following phase 
space requirements on the qq mass, the lepton energy and the electron and positron 
scattering angles: 


mag > 45 GeV for Wev > evqq, 
E > 20 GeV for Wev > evtv 
and Wev > evuv, 
E+ > 20 GeV, | cos @.+| < 0.95, |cos@-| > 0.95 for Wev —> ever. 


(and the charge conjugate) 


The main signature of single-W production is the forward scattered electron, 
which remains invisible in the detector, and the decay products of the W that can be 
measured [31-33]. In L3, the hadronic W decay is therefore selected by requiring a 
visible energy in the calorimeters compatible with a W decay, 0.30 < Eyis/./s < 
0.65. The missing momentum vector should not point along the beam direction, 
| COS Omiss| < 0.92, because this is the typical signature of radiative ete” > qq(y) 
events with ISR photons escaping along the beam pipe. Events with three-jet topol- 
ogy from qqtv W-pair production are also removed. Kinematic criteria like the 
invariant jet-jet mass and velocity are combined in a likelihood variable to suppress 
ete” — ZZ — vvqq events. Eventually, a neural network based on visible energy, 
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visible mass, single-W kinematics and 2/3-jet topology is applied to select the final 
event sample. 

Leptonic single-W final states have the striking signature of single leptons in the 
detector without any other visible activity. The recoil mass to the lepton must be 
compatible with single-W production, which also rejects ete — vvy events with 
converted photons. 

Figure 3.17 shows two selection criteria for hadronic and leptonic W decays. 
The hadronic W final states are triggered redundantly, while trigger efficiencies for 
leptonic final states are about 90% for muons, 95% for electrons and close to 100% 
for taus. They are determined directly from data. 

The measured cross-sections combined for the LEP experiments is shown in 
Fig. 3.18 for the hadronic W decays and all channels combined. The theoretical 
predictions are less precise than for W-pair production and reach a precision of 
5%. This is estimated from two different calculations in fixed-width and fermion- 
loop scheme [34], which consists in including all fermionic one-loop corrections 
in tree-level amplitudes and resumming the self-energies. Data and theory agree 
well over the whole LEP energy range. The global agreement is expressed in the 
measurement-to-theory ratio R as [8]: 


RURC* = 1,051 + 0.075 (3.45) 
RYE = 1.083 + 0.078 (3.46) 


for the two theoretical programs GRC4f [15] and WPHACT [14]. The measure- 
ments show again that the W coupling structure is in agreement with the Standard 
Model, especially the WWy vertex contributions. This is further investigated in the 
next chapter. 


150 50 
© Data 161-209 GeV © Data 161-209 GeV 
L3 (e)vaq' L3 (e)vaIv; 
(a) www 40 + (b) www 
Te) E Background 3 E Background 
© 100 -rm oO 
ce Hi ore 
~ rT 
wn ' ~ 
€ ' n 
S 2 20 
> 4 
i 50 Bie ; ce Ce e 
ccs uU n] 
att 07 Te 
BY AANA AAA a 
Daa OR CGI ONA a 
0 ND 0 
0 02 04 06 08 1 O 20 40 60 80 100 120 
NN output Lepton energy [GeV] 


Fig. 3.17 (a) Neural network output as final selection variable for hadronic single-W events in 
L3 [33]. (b) Lepton energy spectrum in single-W decays as measured by L3 [33] 
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Fig. 3.18 (a) Measured cross-section of hadronic single-W production at LEP as function of 
centre-of-mass energy. The data are compared to the theoretical predictions of WPHACT [14], 
GRC4f [15] and WTO [34]. (b) Total single-W cross-section for the same energy range, compared 
to WPHACT [14] and GRC4f [15] 


3.5 Determination of Triple Gauge Boson Couplings 


In the Standard Model, W bosons couple to the other gauge bosons, y and Z, by 
means of their charge and the weak coupling constant, respectively. To test the 
coupling structure it is helpful to extend the Standard Model to a general WWV 
vertex, with V = y ,Z. In this way, additional coupling constants are introduced which 
describe possible low energy manifestations of new physics beyond the Standard 
Model. Both, the Standard Model and anomalous couplings can then be measured 
or constrained by data. 

The WWYV vertex is generally parameterised in a phenomenological effective 
Lagrangian [20, 21]: 


uv 


iL” = gwwv Gag (Wa W — WEW) +y Wi W, ve 


N 
tar VOW? Wr + 185 a {(0°W“) WHY — Wo (PW) 


WwW 
tig, Wr Wy OHV” +3” V”) 
kv ñy 
-WI Wte” V6 — — W wie Vag] 
2 # 2M4, ” 


The overall couplings are defined as gww, = e and gwwz = e cot0w, which 
are the W electromagnetic charge and weak coupling to the Z. The W and V field 
strengths are here defined as: W,,, = 0, Wy — ð, W, and Vuy = 3p Vy — 3» Vp. For real 
photons (Q? = 0), gi and ge are fixed by gauge invariance to | and 0, respectively. 
In the Standard Model the only non-zero couplings are 
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gl =g jSKr=K,=1 (3.47) 


at tree level. The terms proportional to g y , ky and Ay are C and P conserving, while 
gY violates C and P but conserves CP. Violation of CP is parameterised by gy Ky 
and Ay. 

The lowest order terms of the multipole expansion of the W-photon interaction 
are directly related to the couplings. The charge, Qw, the magnetic dipole moment, 
uw, and the electric quadrupole moment, qw, of the W* are given by: 


Ow = eg; (3.48) 
uw = ——— (8g + ky +1) (3.49) 
2Mw © YoY 
RR) (3.50) 
qw = —-— (ky — : 
Meg 


One can obtain theoretical constraints on the triple-gauge boson couplings (TGC) 
by asking for a global “custodial” SU (2) symmetry [35] of the effective Lagrangian. 
This is supported by experimental data since it avoids deviations of the o parameter 
from the well established value close to 1. The additional symmetry leads to the 
following relations between the C and P violating couplings: 


kz = gf — tan’ Oy(ky — 1) (3.51) 
Ag =À; (3.52) 


With this assumption the parameter space becomes more restricted and con- 
straints are more stringent with the given amount of data. 

The charged TGCs are extracted from LEP data in an analysis of the multi- 
differential cross-section of W-pair production [36-39]. Neglecting photon radiation 
and fixing the mass of the W boson, five angles describe the four-fermion final state 
in W-pair decays: the polar decay angle of the W~ boson, Ow, and the polar and 
azimuthal decay angles of the fermions in the W rest frames. The TGCs influence 
the total production cross-section, the W~ production angle and the fermion angles 
by changing the W polarisation. 

To improve the resolution on the angles, a kinematic fit is applied to the events, 
asking for four-momentum conservation and equality of the two reconstructed W 
masses. In qqtv events the two hadronic jet energies are rescaled such that their sum 
equals ,/s/2. This yields nearly the same performance as a kinematic fit, which can 
be less constrained due to the tau neutrino. In fully hadronic events, the assignment 
of two jet pairs to two W decays, the so-called “pairing”, can be done using neural 
network techniques. They yield a correct pairing typically in the order of 75-80% of 
the cases [38]. Input to the neural network are kinematic variables like the difference 
and sum of the masses of the jet pairs, and the sum and minimum of the angles 
between paired jets. Another quantity is the value of the matrix element for the 
reactionete” — WW — ffff applied to the four reconstructed jets and calculated, 
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e.g., with the EXCALIBUR [40] program. Finally, the difference between the W 
charges is used as calculated from the sum of jet charges. 

The jet-charge is assigned by applying a track based technique. The tracks 
belonging to each quark jet are weighted by their momenta: 


1 
Ja = g 2 tilp + djal" » (3.53) 
tracks tracks 
with the number of tracks, Mtracks, their charge, q; = +1, and the track momentum 


p; projected on the jet direction dje. The momentum weight « is chosen to be unity. 
With this definition, the charge is found to be correct in about 70% [38] of the Monte 
Carlo events under the condition that the pairing is correct. Alternatively, if the jet 
charge is not used in the analysis [36] the corresponding angular distribution are 
folded and no sign is determined. 

The W~ direction, cos Ow, in semi-leptonic events is determined from the 
hadronic W decay. The sign of cos Ow is derived from the lepton charge. In fully 
hadronic events, the direction comes from either W pair, which are back-to-back 
after the kinematic fit. Sign information is provided by the charges of the jet-pairs. 
Figure 3.19 shows the W boson production angle in W-pairs as measured by the 
ALEPH experiment, and the sensitivity of the data to the anomalous à, coupling. 

Additional sensitivity to the WWy vertex is also in single-W production, where 
the hadronic cross-section and the leptonic energy spectrum are used as input. Over- 
lap with W-pair events is carefully removed to avoid double-counting. Single pho- 
ton events, ete” — veðey, are mainly produced through initial-state radiation in 
s-channel Z-boson exchange or t-channel W-boson exchange, but the process con- 
tains also a small contribution from W-boson fusion through the WWy vertex. 

All measured final states are input to a combined analysis of the angular distribu- 
tions, energy spectra and the production rates at the different centre-of-mass ener- 
gies. The dependence of the observables on the couplings is derived by mainly using 
two different techniques, the optimal observable [41] and matrix-element reweight- 
ing methods. The former is exploiting the fact that the differential cross-section, 
do/dS2, in any set of measurable variables, 2, depends only quadratically on the 
couplings, g;: 


do 
OA So + Sigi + Sij8i8gj - (3.54) 


It can then be shown that the set of observables O; = S; /So and O;; = Sij /So are 
optimal in the sense that they contain the maximum information about the couplings 
gi. The coupling parameters, g; (i = 1,...,m), are determined by comparing the 
measured mean values of O; and O;; to their expectation values, E[O;] and E[O;j,;], 
for a certain set of couplings. The optimal observables can be either calculated ana- 
lytically or by Monte Carlo simulations. Correlations between them are properly 
taken into account. 
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Fig. 3.19 Distribution of the W boson production angle in W-pairs as measured by the ALEPH 
experiment [36]. Data are combined from all LEP centre-of-mass energies. Events from fully 
hadronic final states enter with a weight corresponding to the probability of correct W charge 
measurement. Semi-leptonic events yield a weight of one, while fully leptonic final states are 
considered with a weight of 0.5. Data are shown together with the Standard Model prediction 
and the expectation for a à, value of +0.2 


The expectation values, E[O(g,..., g,)], are usually constructed by reweight- 
ing of simulated Monte Carlo events. This reweighting is based on the matrix 
element squared, |M|, calculated for the given production process, e.g. ete > 
WW —> ffff(y). A weight for each simulated signal event j is then determined as 
the ratio 


2 
| (pj... EN) 


Wi (Biss Bn) = . = (3.55) 
|Msu (2i; Hay pi)| 

where the four-momenta of the final state particles are denoted as pi ganas pi. The 

matrix element M contains anomalous contribution parameterised by g1, ..., 8n, 


while Msm is the matrix element for the Standard Model expectation. 
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The second extraction method is based directly on matrix element reweight- 
ing and compares the measured differential cross-section with the predicted ones. 
A likelihood is constructed as the Poisson probability to observe N; events in a 
certain phase space interval (bin), when j1;(g1, ..., 8n) events are expected: 


Noins 
z=] 


i=l 


eti C8 T 8) ilgi, ros) en) 


Ni (3.56) 


The expectation value u; is calculated by taking the normalised sum of the sim- 
ulated Monte Carlo events, rescaled by the event weights wj(g1,..., 8n). 

The ALEPH and OPAL experiments apply an optimal observable analysis 
[36, 39] and the L3 experiment uses the reweighting method to determine the 
charged TGCs [38]. DELPHI derives the couplings from the spin-density matrix 
[37]. All experiments exploit furthermore the dependency of the total signal cross- 
section sections on the couplings. 

Systematic uncertainties of the TGC measurement are from various sources, like 
background estimation, modelling of hadronisation, LEP beam energy, lepton and 
jet measurement, charge confusion, and final state interaction in W-pairs, none of 
them actually dominating. With the more accurate theoretical predictions of the 
W-pair production cross-section, oww, applying LPA/DPA techniques, the uncer- 
tainty on oww are much reduced, as well as the uncertainties on the O (œ) corrections 
to the distribution of W production angle. 

The likelihood curves of the LEP experiment for the different gauge couplings 
are combined taking correlations between systematic uncertainties into account. The 
current preliminary results of 1-parameter fits to the data are [8] 


0.022 
gí = 0.991 "0021 
0.042 
ky = 0.9841 0047 
0.021 
à, = —0.01610033 - 


The main systematic uncertainty is from O (œ) corrections which contributes with 
an uncertainty of 0.010 to g and à, and with 0.010 to x,. The LEP TGC measure- 
ments are however dominated by statistical uncertainties. 

All couplings agree well with the theoretical expectations, as can be seen in 
Fig. 3.20 for two-parameter fits. This is a direct evidence for the non-abelian struc- 
ture of the theory. The W boson couples indeed to the photon and the Z boson. The 
measurements are fully compatible with the predicted vertex structure and coupling 
strength of the Standard Model. Furthermore, no evidence for neutral three-boson 
coupling is found, neither at LEP [8] nor in pp processes at the Tevatron [42]. 

Anomalous contributions to the quartic couplings of the W boson, with four- 
boson vertices WWyy and WWZy, are as well constrained by measurements [43] 
of the photon spectra in WWy and vvyy events. The combined LEP results for the 
WW/y cross-sections are shown in Fig. 3.21. The theoretical framework is given by 
the following Lagrangian containing dimension-6 operators [44]: 
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Fig. 3.20 Contour curves for the LEP measurement of the charged triple gauge boson couplings [8] 
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L = = p aW Wa (3.57) 
P TA Ac ey 

Lo= = a Fa FMP -Wg (3.58) 

Ci = -T E eip WOWO w per, (3.59) 


where do, ac, and a, are the anomalous quartic couplings of the W boson and A the 
energy scale of the effective theory. The influence of the anomalous couplings on 
the photon spectrum in WWy events is demonstrated in Fig. 3.21. Limits are set by 
the LEP experiments, which are all compatible with the non-existence of anomalous 
contributions. They are in the order of 


— 0.020 GeV~* < aọ/A? < 0.020 GeV~? (3.60) 
—0.064 GeV~? < a,/A? < 0.032 GeV~ (3.61) 
—0.18 GeV~? < a,/A? < 0.14 GeV~’, (3.62) 


citing the DELPHI result [43] as a typical example. 
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Fig. 3.21 (a) LEP measurement of the WWy production [8] compared to the theoretical predic- 
tions, showing very good agreement. The signal process is defined by the following requirements 
on the photon kinematics: E, > 5 GeV, |cos6,| < 0.95, |cos@,| < 0.90, where 0,; is the 
isolation angle between the photon and the next fermion. In addition the mass of the fermion pair 
from the W decay must agree with the nominal W mass, My, within twice the W width. (b) Energy 
spectrum of photons in WWy events, as measured by L3. The data are compared to the Standard 
Model prediction and to anomalous scenarios with different effective coupling values, a,,/A?=0.1, 
0.2, and 0.4 [43] 


The WWZZ and WWWW< scattering vertices can not be directly probed at LEP. 
But anomalous behaviour would show up in the neutral and charged TGC mea- 
surements. The ALEPH collaboration, for example, interpreted the measurements 
of W-pair production and corresponding angular distributions in terms of strong 
Wz Wz scattering with an intermediate techni-o exchange. Since data were found to 
be in agreement with Standard Model expectations a lower limit on the mass of the 
techni-p could be set at 600 GeV (95% C.L.) assuming that the width of the new 
particle it at most as large as its mass [36]. 

In summary, measurements of the electroweak boson couplings at LEP as well as 
at other collider experiments agree very well with the Standard Model predictions, 
both in their structure as well as in their magnitude. 


3.6 Final State Interactions in W Boson Decays 


When W boson pairs decay hadronically, so-called Bose-Einstein correlations and 
colour reconnection effects may alter the hadronic final state. These phenomena also 
influence measurements of W boson properties, especially the determination of the 
mass of the W. 


3.6.1 Bose-Einstein Correlations 


The origin of Bose-Einstein correlations (BEC) is the quantum mechanical require- 
ment that the decay amplitude is symmetric under the exchange of identical bosons 
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in the final state. The idea was developed in astronomy as intensity interferome- 
try, also known as Hanbury/Brown/Twiss interferometry [45]. In particle physics, 
charged pion correlations were first observed in pp collisions [46-48]. 

In the plane-wave approximation, the amplitude to observe two identical bosons, 
that are produced at space-time point x; and x2 with momenta pı and p and which 
are measured by two detectors at points x4 and xg is given by [47, 49]: 


| p1p2) = a5 {evi Xa) 11 piprr XB )+id2 
V2 


elPica Xa)4 iĝi piP% Xp)4 it) 


= E ee eee + gorge} , (3.63) 
2 


where ġı and ¢> are the phases. The last term arises due to the symmetrisation of 
the amplitude, as required by Bose-Einstein statistics. Squaring the amplitude yields 
the two-particle correlation: 


Ro(p1, p2) = R:(Q) = 1+ cos(Q Ax), (3.64) 


with the four-momentum difference Q = pı — pz and the space-time difference 
of the sources Ax = x; — x2. One obtains an enhancement of particles produced 
close in phase-space. Note that the dependence of R» on the location of the detectors 
dropped out. The correlation function therefore contains also information about the 
source of the bosons. In more realistic calculations, the particle source is modelled 
with various shapes and may also move in space-time [47]. 

In the LEP analyses [50-53], the PYBOEI model implemented in the PYTHIA 
Monte Carlo generator [54] is used to describe BEC effects with a Gaussian 
parameterisation of the correlation function: 


R(Q)=1+Ar0e 2, (3.65) 


The parameter à is the BE correlation strength, while the parameter R corre- 
sponds to the radius of the source. The correlations alter the momentum distribu- 
tion of the final state particles, but the total momentum must be conserved. This is 
achieved by a local energy compensation with a negative BE enhancement with 1/3 
of the radius R. This compensation is further constrained to vanish at Q = 0 by 
introducing an additional 1 — e2°*’/4 factor. This corresponds to the BE3 option of 
the PYTHIA generator. The LEP experiments have tuned their hadronisation models 
including BEC to hadronic data taken at the Z resonance, where BEC was clearly 
established [55] in 72+ and z°7? data samples. 

The correlation function R is determined from data by taking the ratio of the 
measured and background corrected two-particle density, 02(Q) = 1/Npairs Ape to 
the two-particle density of a reference Monte Carlo simulation without BEC, pọ(Q): 
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= p2(Q) 


R 
A) = O) 


(3.66) 


Using this method, a good agreement between BEC in hadronically decaying W 
bosons in qq£v events and hadronic Z boson decays is observed, as can be seen in 
Fig. 3.22. The selected Z decays are depleted in their Z —> bb content to resemble 
the W decay branching fractions, which mainly decay to ud and cs quark pairs. 

In fully hadronic W-pair decays, correlations may also appear between final state 
particles from different W bosons. It would have an impact on the measurement of 
the mass of the W boson because it may lead to momentum transfer between the 
two hadronically decaying W’s. 

This interesting scenario of BEC between two different W bosons (inter-W BEC) 
is studied by comparing the two-particle density in qqqq events, po “(Q), with those 
expected for an event sample without interference between the two decaying W 
bosons. This correlation function is constructed in the following way: 


pl (Q) = 2P¥ (Q) + 20%"), (3.67) 


where pr (Q) is the background-corrected density measured in semi-leptonic events 
and p“(Q) the density constructed by mixing uncorrelated particle pairs of inde- 


mix 


pendent semi-leptonic events. The mixed events are carefully arranged so that their 
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kinematic properties agree with the qqqq event sample, including the corresponding 
event selection procedure. 

In absence of interference between the W bosons, Eq. (3.67) holds and the 
difference 


5p(Q) = pi" (Q) — 203” (Q) — 2p¥¥ (0) (3.68) 


is expected to vanish. Figure 3.22 shows the measured ôo(Q) distribution for the 
OPAL experiment. The agreement with zero can be further quantified by determin- 
ing the integral of the d0(Q) distribution from 0 to Q max: 


Q max 
a. 5p(Q) dQ. (3.69) 


Sensitivity to genuine correlations between the W bosons (inter-W correlations) 
is obtained in the inter-source correlation function 5;(Q) = ôo(Q)/ pee. (Q), as 
well as from the ratio 


py" (Q) 


D = i 
O = SFO) + 2O 


(3.70) 


To correct possible distortions of the ratio due to the event mixing procedure or 
detector effects, the double ratio 


1 a D(Q)data 
R (2) g D(Q)MC,no-inter ey) 


is introduced, where D(Q) yc no—inter 1$ derived from a Monte Carlo sample without 
BEC between W bosons. D’(Q) can then be parameterised as 


D'(Q) = 0 +800 + Ae*®), (3.72) 
where A corresponds to the correlation strength. In the measurement of like-sign 


final state hadrons, the L3 experiment finds values compatible with no inter-W cor- 
relations [52]: 


J(+, +) = 0.03 + 0.33 + 0.15, and 
A = 0.008 + 0.018 + 0.012 


where the first uncertainty is statistical and the second systematic. The variation of 
track and event selection, as well as the mixing procedure contribute most to the 
systematic uncertainty. As a consistency check, the J integral for unlike-sign pairs 
yields J(+, —) = 0.01 + 0.36 + 0.16, consistent with zero. The expectations for a 
scenario with inter-W BEC are J(+, +) = 1.38 + 0.10 and A = 0.098 + 0.008, 
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respectively, which means the inter-W BEC model disagrees with data by more 
than 3.5 standard deviations. 

Figure 3.23 summarises the various LEP measurement on BEC, where various 
variables and methods are compared in terms of the relative fraction of the inter-W 
BEC model that is seen in data. Combining the results of all LEP experiments, this 
fraction is found to be 0.17 + 0.13 [8]. This means data are consistent with the 
absence of inter-W BEC and significant BEC effects according to the BE3. model 
are disfavoured. 


3.6.2 Colour Reconnection 


Colour reconnection (CR) is summarising QCD interference effects which lead to 
strong interaction between two colourless states. This phenomenon is observed, for 
example, in the colour-suppressed decay of B mesons, B > J/w + X, where the 
c and ¢ quarks of the c¢ colour singlet state of the J/y meson are each originating 
from separate colour singlet states, which have to be colour reconnected. It is there- 
fore interesting to study if this effect is also present in hadronically decaying W’s, 
whose decay products are necessarily colour singlets. Due to the short but non-zero 
lifetime of the W, the decays are separated in space. The distance is however much 
shorter than the typical hadronic interaction length of | fm, so that CR effects may 
alter the two W decays. 

Like inter-W BEC, CR strongly affects the W mass measurement in fully 
hadronic W-pair events because the reconstructed mass of the W bosons would 
not be identical to their propagator mass. At LEP, this was the initial motivation 
to search for signatures of CR. The W mass is actually the observable that is most 
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affected by CR, and without refinement of the data analysis it leads to significant 
systematic uncertainties on My in the fully hadronic decay channel. 

The description of CR [56, 57] in perturbative QCD is considering pure gluon 
exchange between the quarks from the W decays. But the perturbative effect is sup- 
pressed by the probability 1/ N? for accidental colour reconnection. Furthermore, 
the momenta, k, of primary gluons generated by the reconnected system is expected 
to be limited by the finite width of the W boson to k < kmax ~ [wMw/Evw. It 
was indeed found that the effect on the rate of charged final state hadrons, on their 
momentum spectrum and their distribution in phase space is only small. Not far from 
the W-pair threshold the CR effects on the particle-flow distribution is expected to 
be [58]: 


ANS asw) N, (RSE) 


x O(107), 3.73 
Nno—CR ~ N2 Nj (Mw/2) ( ) ( ) 


where 


dN,(E) 
dlog E 


N; (E) = (3.14) 


with the multiplicity, N4 (E), inside a QCD jet of energy E. Therefore, only few 
low-energy particles are affected by perturbative CR. 

Ad-hoc models [57—62] for the non-perturbative phase predict, however, a much 
larger influence on the hadronic observables, in particular on the reconstructed W 
mass in qqqq events. Several models are interfaced to the standard Monte Carlo 
generators that are used to simulate the fragmentation and hadronisation phase of 
the hadronic W decays. 

The Sjöstrand-Khose model SK I [57] is the most popular CR model since it has 
a free parameter, kz, to adjust the CR probability. The model is implemented in the 
Pythia program and is based on string fragmentation concepts. In the SK I model, 
the colour field strength, 29(x, t, u), of strings stretched out along the unit vector u, 
are given an extension in phase-space with a cylindrical shape: 


—(x2? — 2 7) 2 
§20(x, t, u) = exp ( Z ux ’) A(t — |x|) exp (5) , (3.75) 


2 2 
2r had Trae 


with the radial extension of the string rhag and proper time scale of the string frag- 
mentation, Tiag © 1.5 fm/c © 3rhaa/c. When the string is produced at space-time 
coordinate (fo, Xo) and is propagating with $ perpendicular to u the colour field is 
travelling according to 


Q(x — xy, t — to, B, U) = Qo((K — xo)’, (t — ty, u) (3.76) 


with the boosted coordinates (x — xq)’ and (t — fo)’. 
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The reconnection occurs when two colour fields of the two W~ bosons have 
sufficient overlap. In general, many strings are present in each fragmenting W~, but 
only the one with maximum {2~ value is assumed to contribute to the reconnection 
probability. The calculation of the overlap integral 


aan (x, a ae to) N nax (x, t, Xo, to) (3.77) 


Ss fas dt Qi 
is however time-consuming if performed numerically during the Monte Carlo gen- 
eration of each event. It is therefore approximated by the sampling sum 


4 1 2 Biar Nax 
[t= (3.78) 
N, samp y Q trial 


samp 


with a corresponding trial distribution 


Quit = EXP (=>) exp = \ 60, (3.79) 
i; Bei ad f Thag 


with t/ = t — max(t~, t*). The parameters Nsamp = 1000, f, = 2.5 and f, = 2.0 
are chosen to yield sufficient efficiency and numerical accuracy. When two strings 
overlap they are eventually reconnected according to the probability: 


Preco = 1 — eh (3.80) 


with the free parameter k;. At most one reconnection per event is allowed. 
Figure 3.24 shows the reconnection probability obtained from a reference Monte 
Carlo sample of WW — qqqq events at ./s = 189 GeV as a function of kz. 

The models SK II and SK II’ apply a string picture that corresponds to vortex 
lines like in type II superconductors. The topological information is concentrated 
in the core region around the string and reconnection occurs with unit probability 
when two of these regions overlap. The transverse extent of the strings can thus be 
neglected, which was not the case in the SK I model. There is also no free parameter. 

The Ariadne program introduces CR in the dipole-cascade model [58]. The two 
quark pairs of the W~ decays form two colour dipoles from which two cascades 
start. A randomly chosen colour index in the range 1-9 is assigned to each colour 
dipole in every step of the cascades. If two dipoles happen to have the same index 
they are allowed to reconnect. Special care is taken so that no unphysical colour 
flows appear. The actual reconnection is eventually taking place when the string 
related à measure is reduced. This measure is defined as 


n—-1 


(pi + Pi 1)? 
4 =) log a (3.81) 
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Fig. 3.24 (a) Colour reconnection probability as a function of the SK I model parameter, kz, 
together with an approximative curve Preco(k;) = ms with b = 1.22. (b) Difference of 
the mean charged particle rates in fully hadronic and semi-leptonic W pair events, A (nen) = 


(ng) = alana) for different LEP centre-of-mass energies, as measured by the OPAL experi- 


ment [66] 


with the four momenta p; of the n partons along the colour string, and the mass 
scale my © 1 GeV. This condition corresponds to the reasonable assumption that 
partons close in phase-space are more likely to reconnect. 

In W pair events the two dipole cascades first evolve independently from large 
gluon energies down to E, ~% Iw. Only in the low energy regime E, < Iw inter-W 
colour reconnection between the two cascades is turned on. The matching of the 
two stages of the cascade is properly taken care of. In the Ariadne AR 2 model, 
the inter-W reconnection probability is about 22% at a centre-of-mass energy of 
189 GeV. To compare with the Ariadne model with only intra-W CR, AR 1, also 
this cascade is run in two stages, first down to E, ~ Iw and then for lower gluon 
energies. 

Colour reconnection is as well implemented in the Herwig cluster fragmentation 
model [62]. In the limit of a large number of colours, every quark or anti-quark 
produced in the parton shower has a unique colour-connected partner with which 
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it can be clustered. In addition, every gluon has a colour and an anti-colour index, 
each uniquely connected to another parton, and after showering the gluons split into 
quark pairs. Each quark pair is eventually forming a cluster with its colour connected 
partner. Like in perturbative QCD, local colour reconnection can then occur with the 
probability 1/ N? = 1/9, which also defines the inter-W reconnection rate. 

Some of the models can also be tested at the Z peak in three-jet event topologies, 
where two jets originate mainly from bb pairs and the third from gluon radiation. 
This allowed the gluon jet to be identified with an anti-b-quark tag. In the sub- 
sequent analysis gluon jets with a rapidity gap were studied with respect to the 
total charged particle multiplicity [63, 64]. Similarly, the asymmetry in particle-flow 
between the inter-quark jet region and the quark-gluon region was measured [65]. 
Both type of analyses are sensitive to a rearrangement of the colour flow in the 
event. All LEP measurements show that the Ariadne model type 1 [58] is not 
consistent with data. Also the Rathsman/GAL model [61] with default parameter 
settings fails to describe the measurements. Other models like SK I and AR 2 could 
not be tested because they predict CR effects only in WW decays, not in qq(y) 
events. 

The measurement of CR in WW decay data was first investigated by analysing 
charged particle rates in qqqq events compared to qqfv events. The OPAL exper- 
iment determined, for example, the mean number of charged particles in the two 
decay classes. Well reconstructed tracks in the OPAL jet chamber with a minimal 
transverse momentum of 0.15 GeV pointing to the interaction vertex were used in 
the analysis. Using all high-energy data at ys = 189 — 209 GeV the following 
values were found [66]: 


(ngt) = 38.74 + 0.12 + 0.26 
(a) = 19.39 0.11 + 0.09 


Anen) = (a8) — 2 (n4) = —0.04 0.25 +0.16, 


where the first uncertainty is statistical and the second systematic, mainly origi- 
nating from uncertainties on the hadronisation model and on the comparison of 
ete” — qq data to simulations, which were used to refine the detector simulation. 
The CR models predict the values of 


—0.42 (SK I, ky = 100) 
—0.29 (SKI, kj = 0.9) 
A(nen) = 4 —0.14 (SK ID (3.82) 
—0.19 (AR 2) 
+0.32 (HerwigCR) 


The mean value differences are all compatible with OPAL data, which is also visible 
in Fig. 3.24. Thus, the charge multiplicity is not sensitive enough to decide on the 
validity of the CR models. 
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A much more sensitive variable is constructed from the particle-flow [67, 68] in 
the qqqq event, based on the string fragmentation picture [69]. It leads to the expec- 
tation that CR changes the fragmentation in the regions between the primary quark 
jets. Hadronic activity between jets from different W bosons should be slightly 
enhanced, while the one between jets coming from the same W boson should be 
reduced. Furthermore, CR should mainly alter the low-momentum jet particles. 

In the L3 analysis [70], a well defined sub-sample of the qqqq events is selected 
by requiring that the quark-jet association is optimal. The two largest inter-jet angles 
are required to be between 100° and 140° and not adjacent. The two other inter-jet 
angles must be less than 100°. In this way, the two strings between the qq pairs 
evolve in opposite directions. The selection efficiency is low, in the order of 15%, 
but the event sample has a high purity of 85%. The rate of correct pairing of the jets 
to two W bosons is estimated to be 91%. 

In the second step of the analysis, a plane is defined by the direction of the most 
energetic jet (jet 1) and the direction of the closest jet that has an angle larger than 
100° with respect to jet 1. These jets are likely to originate from the same W. Since 
the events are in general not planar, three more planes are defined, spanned by the 
directions of each other jet pair 2+3, 3+4, 4+1. All particles, i, are projected on 
the planes and for those in the inter-jet region an angle ¢;,; with respect to jet j is 
calculated. Eventually, the analysis uses the rescaled angles 


Gi. j 


or’ = j = 1 + ; 
i Wj j+ 


(3.83) 


where W; j+1 is the angle between jet j and jet j + 1. Figure 3.25 shows the rescaled 
angular distribution after background subtraction. The directions of the jets are at 
angles 0, 1, 2, and 3. By construction, the regions A € [0, 1] and B € [2, 3] contain 
preferentially particles originating from the same W boson, while the regions C € 
[1, 2] and D € [3, 4] contain particles which are between jets of different W bosons. 
To enhance the CR sensitivity, a ratio of the integrated particle-flow distributions is 


built: 
08 1 /dng Se im 
ae 1 (2na _ dm Sf a ae cl 3.84 
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The ratio of the non-integrated distributions is shown in Fig. 3.25. The ratio Ry 
depends on the centre-of-mass energy and for the combination of all data the values 
are scaled back to \/s = 189 GeV. Possible reconnection effects in the remaining 
ZZ— qqqq background is neglected. L3 obtains [70]: 


Ry = 0.915 + 0.023 (stat.) + 0.021 (syst.). (3.85) 


The systematic uncertainty is mainly due to the experimental definition of 
the energy flow objects, where calorimetric cluster and track based analyses are 
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compared. The measurement agrees well with the expectation from the Pythia frag- 
mentation without CR, Ry (Pythia, no — CR) = 0.918 + 0.003. 

Similar analyses are performed by the DELPHI and OPAL experiments [66, 71]. 
The DELPHI analysis is based on selecting W-pair events with a particular jet con- 
figuration, like the L3 data sample, while OPAL applies an event selection used in 
the W mass analysis. The OPAL event selection has therefore a higher efficiency of 
86% but accepts jet topologies with a more complicate colour flow. Since the mea- 
sured values of Ry are not corrected for detector acceptance, resolution or efficiency 
the following ratio is constructed [8]: 


data 
piata asa R N 


= once (3.86) 


where Re is a reference value from a Monte-Carlo sample without CR. The 
measured r“* can then be compared to a model prediction, for example the r(k;) 


determined for the SK I model, which depends on the reconnection parameter kz as 
shown in Fig. 3.26. 
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Fig. 3.26 (a) Evolution of the particle-flow ratio r = RR/ ROR with the SKI parameter kz 
determined by L3 and OPAL in Monte Carlo simulations. (b) Systematic shift of the reconstructed 
W mass in qqqq events due to CR effects, as a function of the momentum cut that is applied to 
particles in the jet reconstruction [72] 


As mentioned above, the W mass measured in the LEP detectors is also a 
very sensitive variable to CR. In a series of studies, the effect of CR on Mw was 
found to be reduced if low-momentum tracks and low-energy cluster are removed 
in the jet reconstruction. Only those above a certain Peut or Ecut are considered. 
Alternatively, the jets are restricted to a certain angular cone, and the new jet 
direction and momentum is determined in an iterative procedure. Excluding parti- 
cles in the inter-jet regions outside the cones reduces the effect of CR on My. A third 
method applies weights, w = p“, to the momentum contribution of each particle in 
the jet, again suppressing low-momentum tracks, and therefore CR effects, if x > 0, 
but enhancing CR effects if x < 0. 

Figure 3.26 shows the shift in My that is expected to be induced by CR to the 
nominal W mass value as a function of the particle momentum cut applied in the 
jet reconstruction. As can be clearly seen in this ALEPH study [72], the systematic 
shift of Mw is much reduced by this method. It is also remarkable that all CR models 
show the same trend. However, at the same time the jet resolution is worsening the 
more particles are removed from the jets, and so is the statistical uncertainty on 
Mw in the qqqq channel. Eventually, the best method and its corresponding cut 
value must be found in an optimisation procedure taking statistical and systematic 
uncertainties and their correlations into account. More details are given in the mass 
measurement section. 

Important for the measurement of CR is the fact that, if CR exists, the measured 
MẸ” should vary when the jet reconstruction parameters are varied. The ALEPH 
experiment measured the variation of Mw as a function of Peut and of the cone 
radius R, and a linear fit yields values compatible with no Mw shift: 


Aestii E 
w = -L GeV Peut 
MeV 1 


rad7! R` 


AMw = (+9 + 19) 
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DELPHI compared the standard Mw value with alternative estimators applying 
a cone cut at R = 0.5 rad and a momentum cut at 2 GeV: 


AMw(std, R = 0.5 rad) = (59 + 35 (stat.) + 14 (syst.)) MeV 
AMw(std, Pot = 2.5 GeV) = (143 + 61 (stat.) + 29 (syst.)) MeV 


The former is well consistent with zero, the latter, however, differs from no shift 
by about two standard deviations. And finally, the OPAL experiment uses their most 
sensitive estimator, the Mw difference between the mass reconstructed applying a 
Pout Of 2.5 GeV and applying a negative momentum weight with a «x value of — 0.5: 


AMw (Pou = 2.5 GeV, k = —0.5) = (—152+68 (stat.) +61 (syst.)) MeV. (3.87) 


The OPAL result is compatible with zero at the 1.5 standard deviation level. 
All experiments performed a systematic cross-check using semi-leptonic events, 
in which the same jet variations are applied. The qq£v analyses all gave results 
consistent with no effect. The observed shifts are compared to the SK I model pre- 
dictions, as it is shown in Fig. 3.27 for the OPAL result. 

The LEP data is eventually combined by constructing a total Ax? function which 
takes correlated uncertainties between the individual measurements into account. 
Sources of systematic uncertainties are from hadronisation and BEC effects, as well 
as from the modelling of the background scale and shape. The previously mentioned 
limit on the BEC strength is used to constrain the BEC systematics. The SK I model 
is taken as the main reference and ky is the main parameter varied in the x? minimi- 
sation. Figure 3.28 shows the resulting curves of the four LEP experiments together 
with the combined LEP measurement using information from the particle-flow anal- 
ysis and the Mw-shift studies. The best value for the parameter k; is found to be 
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This corresponds to a preferred reconnection probability of 51% in the SK I 
model, evaluated at a centre-of-mass energy of 189 GeV. The absence of CR can 
not be excluded, but it is disfavoured with 2.8 standard deviations. On the other 
hand, an extreme CR scenario with 100% reconnection fraction is ruled out with a 
significance of 6.9 standard deviations. The LEP data therefore supports the exis- 
tence of CR as modelled in SK I. Other CR scenarios like AR 2 and Herwig predict 
smaller reconnection probabilities of 22 and 11%, respectively. In dedicated studies 
of these two CR models by the LEP experiments [72, 71, 70, 66] both show only 
small deviations from the no-CR scenario, which is not favoured by the combined 
LEP result. When re-interpreting the SK I measurement, the AR-2 model agrees 
with data at the 2.0 standard deviation level, while for Herwig the consistency is at 
the 2.4 standard deviation level. 

The measurement of CR in hadronic W-pair events is an interesting physics result 
by itself because it confirms the existence of colour rearrangement as observed in 
colour-suppressed meson decays. The reconnection probability is even beyond the 
naive expectation when simply counting the number of colour combinations, 1/N?. 
The determination of CR effects directly from data is a very important ingredient 
for the W-mass measurement at LEP. As discussed below, CR is one of the main 
sources of systematics on Mw and the result is used to estimate the corresponding 
uncertainties. 

The CR measurement at LEP may also be helpful for physics at pp and pp 
colliders, Tevatron and LHC. In the simulation of the underlying event CR effects 
play a significant role [73]. The CR Monte-Carlo parameters are usually tuned to 
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measured event shape variables of the underlying event and thus constrained [74]. 
The CR models used in these estimations are implemented in Pythia [54] and 
typically assume a 33% direct reconnection probability with nearest neighbours in 
momentum space. New multiple interaction (MI) models like Colour Annealing [75] 
are defining a probability for a given string to not participate in the reconnection 
process as: 


Pkeep = (1 — n)™ (3.90) 


where ņ is a free parameter and my the number of interactions that occurred in each 
event, which increases the reconnection probability for any given string in events 
with many interactions. In addition, the model tends to perform colour connection 
to the partons closest in momentum space, and therefore minimising the total string 
length. This model would in principle be valid also in WW decays, but it was not 
studied by the LEP collaborations. However, it may well be directly compared to 
the result in the SK I framework. This may give an additional handle to control CR 
systematics at Tevatron and the LHC. This is of importance for the measurement of 
the top quark mass, where the CR uncertainty currently amounts to 0.41 GeV, being 
among the three largest single contributions to the total systematic uncertainty on 
m, [76]. 
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The mass of the W boson, Mw, is a central parameter in the Standard Model, 
and a precise determination of Mw is one of the main tasks of the LEP experi- 
ments. There are two methods used to measure this quantity at LEP: by determining 
the W-pair production rate at the threshold and by direct reconstruction of the 
W decay spectrum. Since the LEP physics goals were not only the determination 
of W parameters but also the searches for new particles, only a fraction of the 
total data, about 4 x 20 pb~!, were recorded at threshold energies. The largest 
data samples of about 4 x 680 pb™!, are available at energies between 183 and 
209 GeV. 

At the W pair threshold, the cross-section of W pair production is dominated by 
t-channel neutrino exchange and it is proportional to the velocity of the W bosons: 


4M2 
oww X = =,/1 w 


3.91 
Ew = (3.91) 


The first determination of Mw at LEP was therefore derived from the cross-section 
measurement at the optimal ./s value of 161 GeV, and at 172 GeV. They yield a 
W-mass value of [8]: 


My = 80.40 + 0.20 (stat.) + 0.07 (syst.) + 0.03 (Epeam) GeV (3.92) 
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which has a rather large uncertainty, dominated by the statistical uncertainty on 
oww. In principle, Mw could have been measured more precisely if more data would 
have been collected in the threshold energy range. With the same amount of data, 
a precision very similar to the one from fully reconstructed events can be reached, 
with different systematic uncertainties. This method may therefore be used again at 
a future linear et e~ colliders [5]. As mentioned earlier, an improved accuracy of the 
theoretical predictions for oww at the threshold is being worked on [77]. 

In the direct reconstruction method, the masses of each decaying W is determined 
from the measured leptons and jets. All LEP experiments analysed the qqév and 
qqqq final states, OPAL also determined My in £v£v events. 

In the fully leptonic final state the W masses can not be completely reconstructed 
because of the two neutrinos of the W decay. However, neglecting the lepton masses 
and the finite W width the dependence of lepton energy, EF, on My is given by 


Js » | Ss M2 
Ex = X + 0086; eae (3.93) 


where cos 07 is the angle between the lepton momentum in the W rest frame and 
the direction of the W in the laboratory frame. This angle is not measurable, and the 
sensitivity of the lepton energy to My is mainly from the endpoints of the spectrum, 
where cos 6; = +1. When assuming that the neutrinos are in the same plane as the 
leptons the event kinematics can be solved with respect to a pseudo-mass, M+, up 
to a two-fold ambiguity. The solutions are [78]: 


M? = ———— 
~ [pe + pel? 


+vipe x pePllpe + pel?(Eveam — E) — (P+ OI}, 3.94) 


[Ppr — Op.)(pe + po) 


with P = Evean Ev—E7 + smi, Q= Evean Ev — Pe pe+ 4m7, the beam energy Epeam 
and the lepton masses and momenta, py; and meje. OPAL performed a likelihood 
analysis fitting parameterised spectra to the data distributions of the two quantities. 
The fit results in 


My(lvev) = 80.41 + 0.41 + 0.13 GeV, (3.95) 


where the first uncertainty is statistical and the second systematic. Here, the beam 
energy uncertainty, QED radiative corrections, as well as background modelling 
are taken into account. The main systematic uncertainties are due to the lepton 
momentum scale, which is determined from Z — €€ events, both at the Z peak 
and at higher energies. Although the precision is not extraordinary, the analysis of 
this decay channel is important because systematic effects from hadronisation and 
FSI are completely absent. 
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Precise knowledge of the lepton momentum scale and resolution is also important 
when extracting My in the qqev and qquv channels. The hadronically decaying W 
can be fully reconstructed from the two quark jets. Using momentum conservation, 
also the neutrino four-momentum can be calculated and thus the four-momentum 
of the leptonically decaying W. Final state photon radiation (FSR) is predominantly 
emitted along the charged lepton or quark jet and included in the quark jets and 
reconstructed leptons. Photons radiated from the initial state electrons (ISR) are 
detected in about 5% of the events as isolated clusters in the calorimeters. When 
identified, the photon clusters are excluded in the formation of the jets. 

The resolution for the W masses is improved by applying a kinematic fit to the 
event. The measured lepton energies and angles, as well as the jet energies and 
directions are varied within their resolution until energy-momentum conservation 
is fulfilled. The variation of the jet momenta (or jet masses) in the kinematic fit is 
done by keeping the jet velocity £ (or the boost y ) of the jets constant because many 
systematic effects cancel in the corresponding ratios with the jet energy. Since the 
momentum conservation was already exploited to calculate the neutrino momentum, 
this results in a fit with one constraint (1C). Furthermore, a second constraint is 
applied requiring the two W masses in the event to be equal within the W width. 
Figure 3.29 shows an example of the L3 data analysis, where the mass resolution 
is reduced by the 2C fit by about a factor of two in the qqev and qquv channels. 
Information form both 1C and 2C masses are usually used in the subsequent mass 
analyses. 

In the qqtv channel, the kinematic constraints are spoilt by the additional neu- 
trino from the t decay. Only the hadronically decaying W boson contains mass 
information. The mass resolution can however be improved by applying a rescaling 
of the sum of the jet energies to the beam energy, where a factor two can be gained 
in resolution. Overlap of the leptonic t decays with the qqev and qquv channels is 
avoided by applying strict separation cuts, for example on the Me, mass. 
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Fig. 3.29 Improvement in mass resolution by applying a kinematic fit in semi-leptonic and fully 
hadronic W-pairs [79] 


3.7 Measurement of the W Boson Mass 99 


In the fully hadronic channel the complete final state can be reconstructed, 
including isolated ISR photons in the forward detectors. QCD gluon radiation is 
taken into account by splitting the event samples in four-jet and five-jet events, 
using, for example, the Durham [27] jet resolution parameter y4s as a measure to 
separate the two topologies. Energy-momentum conservation in the kinematic fit 
corresponds to four constraints (4C) and the equality of the W masses adds another 
constraint (SC). The improvements in mass resolution are in the order of a factor 
two to three, for the 4C and 5C fits, as illustrated in Fig. 3.29. Like in the qq£v case, 
information from both fit classes are typically used to measure Mw. 

The four and five jets in the qqqq(+g) events can be paired in three, respectively 
ten, ways to form two W decays. They are distinguished by ordering the jets in 
energy, so that a probability for each combination can be calculated. In the 4-jet 
case all three combinations have at least a 5-10% probability to be correct and they 
are all considered in the mass analysis, assuming that the combinatorial background 
is well described by Monte Carlo. Figure 3.30 gives an impression of the size of the 
combinatorial background with respect to the correctly reconstructed signal and the 
real background from non-WW decays. In 5-jet events, some combinations have a 
negligible probability to be correct, e.g. the case in which the second most energetic 
jet is combined with the least energetic one. The ALEPH experiment selects only 
one combination in their analyses using a pairing probability that is based on the 
CCO03 matrix element calculated for the reconstructed jets [72]. The other experi- 
ments use a W mass estimator that combines all pairings that have a high probability 
to be correct. They are weighted accordingly in the combined mass likelihood. The 
weights are based on the polar angle of the reconstructed W boson, the sum of jet 
charges of each jet combination and the transverse momentum of the gluon jet in 
5-jet events (DELPHI [80]), the probability of the kinematic fit (L3 [80]), or a neural 
network variable (OPAL [81]) trained with the reconstructed mass differences as 
input. 

The extraction of Mw and Iw from the reconstructed mass spectra is performed 
with various methods. ALEPH and L3 apply a Monte Carlo template method in 
which the measured spectra are compared as 2- or 3-dimensional distributions to 
Monte Carlo samples with different underlying My and Tw values. The test statis- 
tics for the data to Monte Carlo comparison is either a unbinned likelihood (L3) or 
binned histograms (ALEPH), where the binning is optimised to obtain a bias-free 
measurement. The unbinned likelihood is, for example, constructed as [79] 


R S 1 do, (Mw, Tw, mi, mi) dos (mi, mb) 
v= io Os Mw, Tw) + o dm, dm) dm,dm, {’ 
(3.96) 


where o, and op are the signal and background cross-sections, and mı and m3 the 
mass estimators, like the 1C and 2C, or the 4C and 5C mass pairs. ALEPH uses in 
addition the uncertainty on the 2C and 5C masses as a third variable. The likelihoods 
are evaluated for each decay channel and each centre-of-mass energy separately. The 
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differential cross-sections is calculated from Monte Carlo by the sum of template 
events in an interval 7 in the (mı, m2) space close to the measured (mi, mi) point 
of event 7, divided by the size of the interval AJ and normalised to the Monte Carlo 
luminosity Lmc: 


d’ 1 1 
x . 3.97 
dm, dm, Lmc 2 Al ( ) 


The Monte Carlo templates are of large statistics, usually 10° events, to reduce 
statistical fluctuations in the calculation of da/(dm, dmz). If the Monte Carlo 
describes all detector effects and physics phenomena correctly, the W parameters 
can then be extracted without any bias. 

The generation of templates with all My and Iw values that are needed to per- 
form the likelihood maximisation is however impossible, in the sense that it would 
take a lot of computing time. The virtue of the template method is therefore in the 
reweighting of the Monte Carlo samples. A weight is attributed to each simulated 
event j according to the ratio of the matrix element squared: 


i 2 
(oy) 


: j 2 
(ol tr) 


(3.98) 


with the Mw and Iw values that are to be determined and the nominal My C and 
T, k © values of the original Monte Carlo sample. The matrix element also depends 
on the four-momenta pi of the generated final state fermions of event j, and 
possibly on the four-momenta of ISR or FSR photons. The matrix elements are 
calculated using four-fermion Monte Carlo programs, like EXCALIBUR [40] or 
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Fig. 3.30 Reconstructed W mass spectrum in fully hadronic events with combinatorial, 2-fermion 
and 4-fermion background (/eft). Combined ideogram of a 4-jet W-pair event, as analysed by DEL- 
PHI (right) [80] 
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KORALW/KandY [29]. The extraction of the correct W mass and width value from 
a given data set is verified in tests with high statistics Monte Carlo samples and also 
using many samples, each with the expected size of the data set. 

The OPAL experiment uses a convolution fit to determine Mw and Iw from 
data [81]. A normalised physics function P describes the double-differential 
cross-section in the two reconstructed W masses mı and m2 : 


P(mi, m, Mw, Tw) =ao{ Bom, Mw, Fy)® Bm, Mw, Tw) ® S (mi, ma, vs”) | 
BIs, v's’) (3.99) 


with the normalisation factor ag, the Breit- Wigner distributions 


B(m, Mw, Fw) = 2 (3.100) 
(m? — My) + (m?Iw/Mw)? 
a phase space term 
Smi, ma, Vs!) = Vs" — (my + mP — (my — m2)’) (3.101) 
and the radiator function 
I/s', /s) = pp 1 2S Mw) (3.102) 


o(s, My)’ 


which describes the reduction in centre-of-mass energy from \/s to v/s’ due to ISR 
with energy fraction x = E,/,/s and B = (2agep/) log((./s/me)” — 1). 

The physics function P is then folded with the resolution function R to obtain 
the likelihood L* of each event i to be compatible with the WW signal: 


Li (Mw, Tw) = Ri(m1, m) ® P(m,, m, Mw, Tw) (3.103) 


The total likelihood is taking also the parameterised background likelihood into 
account: 


Li = pi Li (Mw, Dw) + p? L?, (3.104) 


where the two likelihood terms are weighted with event-by-event probabilities to 
be signal or background, p? and p? . In case of qqqq events, information of each 
jet pairing is entering the likelihood as a separate estimator, weighted by the corre- 
sponding neural network output. 

The DELPHI analysis [80] applies the convolution technique in the qq£v chan- 
nels, similar to OPAL. In the qqqq channel, however, DELPHI exploits a priori 
the most of the information in each event. The idea is to convolute the predicted 
probability density P(m,, m2, Mw, Iw) with the probability density of the com- 
plete 4C fit. The latter is however difficult to compute in a time-efficient way for the 


102 3 Gauge Boson Production at LEP 


whole (mı, m2) space. An approximation is therefore applied. The 4C x? function is 
evaluated at the minimum of the (mı, m2) space together with the covariance matrix 
V between mı and m2. With this information a new x? is constructed as: 


x° (mı, M2) = Xgcmin + (m — m™) VT! (m — m™)7 (3.105) 


with m = (m1, m2) and Mpin = (Cae ve). From this, the 4C probability density 
is easily calculated 


Pyc(my, my) = e72% 0m) (3.106) 


The probability density is determined for all possible jet pairings, for three dif- 
ferent jet clustering algorithms (Durham [27], Cambridge [82], Diclus [83]), and 
assuming an ISR photon escaping along the beam direction in the kinematic fit. 
A weighted sum of the 18 so-called ideograms is calculated in the 4-jet case, and 
60 weighted ideograms are used in the 5-jet case. Figure 3.30 gives an example of 
these ideograms for a fully hadronic 4-jet event. Although technically complicated, 
the method obtained very good linearity when comparing fitted with underlying Mw 
values in large statistics Monte Carlo samples. A global mass bias, in the order of 
200 MeV with an uncertainty of less than 10 MeV, is observed and being corrected 
for. 

When only the W mass is a free parameter in the fit, the W width is assumed to 
follow the Standard Model relation: 


3Gr MÀ, As 
Iw = 1+2—). 3.107 
YO oIan ( s a) i ) 


With the very refined measurement techniques, each experiment reaches a sta- 
tistical precision on Mw between 54 and 70 MeV in the combined qq£v channels 
and between 59 and 70 MeV in the qqqq channel. The precision on the latter is 
however reduced by applying a globally optimised jet reconstruction to account for 
FSI effects. The differences between the results of the LEP collaborations are mainly 
due to intrinsic experimental differences, like acceptance, resolution, and detection 
efficiencies. 

The systematic error sources can be subdivided into correlated and uncorrelated 
systematics. Correlations can exist between analysis channels, between measure- 
ments at different centre-of-mass energies, and between experiments. 

Each experiment studied the lepton energy scale and linearity, the angular mea- 
surement, and their resolutions in great detail. Usually, two-fermion events at the 
Z peak and at higher energies, measured in the same data taking periods as the 
W pair events, are used to determine remaining differences between Monte Carlo 
simulation and data. These differences were corrected for and their uncertainties 
translated into systematic uncertainties in the lepton and jet measurements. Effects 
that were rather negligible in any previous measurement at LEP became impor- 
tant, for example the detailed distribution of calorimetric clusters close to leptons 
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which influences the hadronic mass in qqfv events. Also the alignment across 
sub-detectors and their relative orientation to the beam were checked to avoid an 
angular bias. In the combined LEP measurement, the lepton systematics enter as 
correlated only between different data sets. Jet systematics are in addition corre- 
lated between the qq£v and qqqq channels, but uncorrelated between experiments. 
In total, the detector uncertainties contribute with 10 MeV in the qqév channel and 
8 MeV in the qqqq channel. 

Backgrounds are mainly from Z pair and two-fermion production, whose cross- 
sections are also measured directly. The corresponding uncertainties are used to 
scale the background distributions globally by common factors over the whole mass 
spectrum. Also the slope of the background contributions in the measured spectra 
is changed. All experiments verified the background distributions in independent 
samples and apply missing corrections to the Monte Carlo predictions. In the LEP 
combination, this uncertainty is combined with the uncertainty due to limited Monte 
Carlo statistics and contributes with 3 MeV to the error in the qq@v measurement, 
where backgrounds small, and with 11 MeV to the qqqq error. 

An uncertainty common to all measurements is the determination of the LEP 
beam energy. Since the beam energy constraint is applied in the kinematic fit, the 
beam energy error translates directly into an error on Mw. The W width is much 
less affected, also by the beam energy spread. The beam energy was determined 
by the LEP energy working group at each interaction point with time intervals of 
10 min. Using the time information the correct beam energy is thus calculated for 
each individual W pair event. Data were grouped in different centre-of-mass energy 
bins, for which a global energy calibration was applied. This calibration is based 
on the flux-loop, beam spectrometer and tune shift measurements, as described in 
Chap. 2. When combining all data, the complete correlation matrix between these 
energy bins is used, resulting in an 8 MeV uncertainty on the LEP Mw value. 

Photon radiation evidently influences the reconstructed W mass spectra. The 
combined Monte Carlo programs KORALW and YFSWW3 (KandY) includes ISR 
effects in the YFS exponentiation scheme to O(a), full O(a) electroweak correc- 
tions, including interference between ISR, FSR and W radiation (WSR), as well as 
screened Coulomb corrections. The latter describe Coulomb interactions between 
the W bosons, which are potentially large but screened due to the limited lifetime 
of the W bosons. Higher order, leading-log FSR corrections are included using 
PHOTOS for leptons and Pythia for quarks. Alternatively, the RacoonWW Monte 
Carlo is used, which is also based on the complete O (œ) matrix element completed 
with an ISR radiator function. ISR effects are generally estimated by comparing 
the O(a3) with the O(a) calculation, yielding small shifts of about 1 MeV on 
Mwy [28, 30, 29]. The effect of Coulomb screening is studied by taking half of the 
difference between Monte Carlo samples with screened Coulomb effect and without 
any Coulomb effect, which amounts to about 7 MeV. To study the uncertainty on 
the non-leading O(a) electroweak corrections, a good estimate is derived from the 
direct comparison of the RacoonWW and the KandY generators. Some care has to 
be taken in this comparison since collinear photons are not explicitly generated in 
RacoonWW. The observed differences are in order of 10 MeV for qqév and 5 MeV 
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for qqqq. Alternatively, the uncertainty on the O(q@) corrections are derived from 
removing non infra-red photons radiated from W bosons and applying the O(a) 
corrections not only to the CC03 part of the event weight, but also on the difference 
between CC03 and the full 4f contribution. Both checks together give a 2 MeV 
uncertainty on My. Since some error estimates overlap and the experiments apply 
different strategies, the total LEP uncertainty due to radiative corrections is 8 MeV 
in the semi-leptonic channel and 5 MeV in the fully hadronic channel, assuming full 
correlation between all data sets [8]. 

Quark fragmentation and hadronisation is another common systematic error 
source that needs to be taken into account. The LEP experiments compare the 
Pythia, Herwig and Ariadne models, which are carefully tuned to Z decay events. 
The hadronic Z decay samples are depleted in b-quark jets, because these are prac- 
tically absent in W decays at LEP. Additional attention was put on the rate of heavy 
hadrons produced in jets, like kaons and baryons. This is because the standard jet 
clustering algorithms assume hadrons with either zero mass or they attribute the 
pion mass to each cluster. If the rates of the more heavy hadrons is not exactly 
reproduced by Monte Carlo, this leads to a bias in the reconstructed W mass. In 
L3, for example, the baryon content of the simulation was compared to measure- 
ments [84] and good agreement was observed, as can be seen in Fig. 3.31. The 
uncertainty on the baryon rate translates into an systematic uncertainty on My and 
Iw. Similar comparisons and adjustments of the baryon rate are applied by the 
other collaborations [72, 80, 81], generally reducing the hadronisation uncertainty. 
Eventually, in the LEP combination, these uncertainties are taken as fully correlated 
and contribute with 13 and 19 MeV in the qq£v and qqqq channel, respectively. 

A systematic effect only present in the fully hadronic channel is from final state 
interactions, Bose-Einstein correlations (BEC) and colour reconnection (CR). The 
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measurements of these effects are described in detail in the previous sections. LEP 
measurements are consistent with the absence of inter-W BEC, so that the baseline 
W mass and width analyses assume only intra-W BEC. The systematic uncertainty 
on My is assessed by translating the BEC intra-W limit into a limit on the possible 
W mass shift. The BEC observables are actually found to have a linear correlation 
with Mw, as can be seen for the integral parameter J in Fig. 3.31. This is not triv- 
ial since J depends both on the modelled pion source radius and the correlation 
strength. The one standard deviation limit on the intra-W BEC strength of 30% 
corresponds to a 7 MeV uncertainty on My in the hadronic channel. 

Colour reconnection turned out to be a much harder problem than BEC. The 
effects on My are potentially large in the SK I model, even using the limit k; < 2.10 
from the direct measurement of CR. The corresponding shift of the hadronic W 
mass using the default jet clustering is in the order of 90 MeV at a centre-of-mass 
energy of 189 GeV [72]. However, CR affects mainly the inter-jet regions and low 
momentum particles, so that the CR systematics is much reduced when jets are 
limited to the high energy particles in the jet core. As shown in Fig. 3.26 the CR 
mass shift is only in the order of 30 MeV if for example a momentum cut at 3 GeV 
is applied. Each experiment is optimising the jet reconstruction with respect to the 
total uncertainty in the qqqq channel. ALEPH is applying a particle momentum cut 
at 3 GeV, and DELPHI uses an iterative jet cone procedure with a cone radius of 
R = 0.5 rad. The optimal cluster energy cut found by L3 is at 2 GeV, while OPAL 
removes particles with momenta below 2.5 GeV. The differences in the optimal 
analyses can be explained by the limits on CR that are obtained by the differ- 
ent experiments. L3, for example, finds a rather low limit on kz at 1.1, while the 
ALEPH limit is around 2.0. For the same k; < 2.0, also the L3 analysis would select 
3 GeV as the optimal working point. In the LEP combination, this leads to a reduced 
weight for the mass measurements which are not close to the LEP combined limit of 
kı = 2.10. Overall, the CR uncertainty in the hadronic channel is 35 MeV, assuming 
CR according to SK I with the given LEP limit. 

The final systematic uncertainties in the LEP combined W mass and width 
measurements are summarised in Table 3.1. The masses in the semi-leptonic and 
hadronic channel are found to be [8]: 


Mw(qqév) = 80.372 + 0.030 (stat.) + 0.020 (syst.) GeV 
Mw(qqqq) = 80.387 + 0.040 (stat.) + 0.044 (syst.) GeV 


with a correlation coefficient of 0.20. The consistency of the two measurements is 
tested by taking the difference of the two, where CR and BEC errors are set to zero, 
which yields: 


AMw(qqqq — qqév) = —12 + 45 MeV, (3.108) 


l The systematic uncertainty on Mw due to CR is actually derived for a k; limit of 2.13, but no 
numerical difference is expected with respect to the current systematics of 35 MeV. 
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Table 3.1 Decomposition of systematic and statistical uncertainties on the LEP combined W mass 
measurement [8] 


Systematic uncertainty on Mw in MeV 


Source qqév qqqq Combined 
ISR/FSR/O(a) 8 5 7 
Hadronisation 13 19 14 
Detector systematics 10 8 10 
LEP beam energy 9 9 9 
Colour reconnection a 35 8 
Bose-Einstein correlations - 7 2 
Other 3 11 4 
Total systematic 21 44 22 
Statistical 30 40 25 
Total 36 59 33 
Statistical in absence of systematics 30 27 20 


a value well compatible with zero. This indicates that CR effects are efficiently 
reduced in the final LEP analyses and that they are not larger than expected from 
the various models. Eventually, combining all LEP data from threshold and direct 
reconstruction data, the W mass is found to be 


M&F? = 80.376 + 0.025 (stat.) + 0.022 (syst.) GeV. (3.109) 


This value agrees well with the Tevatron measurement of the W mass [85] of 


MẸ = 80.420 + 0.031 GeV, (3.110) 


and also with the W mass from the analysis of all electroweak data, excluding the 
direct measurement [86] 


MEW = 80.364 + 0.020 GeV. (3.111) 


The LEP W-mass measurements are therefore still very competitive with the 
Tevatron results for this important Standard Model parameter. 

The LEP experiments analysed the W decay spectra to also determine the W 
width. The same combination procedure was applied as in the W-mass measure- 
ment, including systematic uncertainties and their correlations. The W width data 
are not optimised with respect to the FSI effects, which are dominating the system- 
atics together with the hadronisation effects. Taking the relatively large statistical 
uncertainty into account, an optimisation is however not needed. Combining all LEP 
data the combined fit yields: 


Tw = 2.196 + 0.063 (stat.) + 0.055 (syst.) GeV. (3.112) 
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This is again in good agreement with the combined CDF and DØ measurement 
of [85] 


Iw = 2.050 + 0.058 GeV. (3.113) 


Both are consistent with the Standard Model value of Tw = 2.091 + 0.002 
GeV [86]. 

Summarising the results of this chapter, electroweak boson production is in very 
good agreement with Standard Model predictions. The measurements of vector 
boson couplings are confirming the non-abelian SU(2) x U(1) gauge structure of 
the theory. Furthermore, the LEP era provides precise measurements of the vector 
boson couplings to fermions and of the Z and W boson masses. A discussion about 
the consistency with other precision measurements within the Standard Model and 
possible hints on new physics follows in the next chapter. 


References 


1. R. Gastmans and T. T. Wu, The Ubiquitous Photon: Helicity Methods for QED and QCD, 
Oxford University Press (1990). 55 
2. The ALEPH Collaboration, the DELPHI Collaboration, the L3 Collaboration, the OPAL 
Collaboration, the SLD Collaboration, the LEP Electroweak Working Group, the SLD elec- 
troweak, heavy flavour groups, Phys. Rept. 427 (2006) 257; hep-ex/0509008v3. 55, 56, 57, 60, 61 
. The Particle Data Group, C. Amsler, et al., Phys. Lett. B 667 (2008) 1. 56, 58 
. L3 Collaboration, P. Achard et al., Phys. Lett. B 587 (2004) 16. 57,58 
5. A. Djouadi, J. Lykken, K. Monig, Y. Okada, M. Oreglia, S. Yamashita, et al., ILC Reference 
Design Report Volume 2 - Physics at the ILC, arXiv:0709.1893. 60, 97 
6. B. Odom, D. Hanneke, B. D’Urso and G. Gabrielse, Phys. Rev. Lett. 97 (2006) 030801; 
G. Gabrielse, D. Hanneke, T. Kinoshita, M. Nio and B. Odom, Phys. Rev. Lett. 97 (2006) 
030802, Erratum, Phys. Rev. Lett. 99 (2007) 039902. 61 
7. The L3 Collaboration, P. Achard, et al., Phys. Lett. B 616 (2005) 145. 62 
8. The LEP Collaborations ALEPH, DELPHI, L3, OPAL, and the LEP Electroweak Working 
Group, A Combination of Preliminary Electroweak Measurements and Constraints on the 
Standard Model, CERN-PH-EP/2006-042; hep-ex/0612034. 60, 63, 64, 65, 68, 69, 72, 73, 74, 75, 80, 81, 82, | 
9. The OPAL Collaboration, G. Abbiendi, et al., Eur. Phys. J. C 26 (2003) 331. 63 
10. The DELPHI Collaboration, J. Abdallah, et al., Eur. Phys. J. C 30 (2003) 447. 64 
11. The L3 Collaboration, P. Achard, et al., Phys. Lett. B 72 (2003) 133. 64 
12. S. Jadach, G. Passarino and R. Pittau, (eds.) Reports of the working groups on precision 
calculations for LEP2 Physics, CERN Preprint CERN-2000-009. 64 
13. S. Jadach, W. Placzek and B.F.L. Ward, Phys. Rev. D 56 (1997) 6939. 64 
14. E. Accomando, A. Ballestrero and E. Maina, Comput. Phys. Commun. 150 (2003) 166; 
hep-ph/0204052. 65, 71, 75, 76 
15. J. Fujimoto, et al., Comp. Phys. Comm. 100 (1997) 128; hep-ph/9605312. 65,75, 76 
16. The L3 Collaboration, P. Achard, et al., Phys. Lett. B 597 (2004) 119. 66 
17. The OPAL Collaboration, G. Abbiendi, et al., Phys.Lett. B 604 (2004) 31. 67 
18. S. Roth, Precision Electroweak Physics at Electron-Positron Colliders, Springer Tracts in 
Modern Physics, Vol. 7002 (2006). 67 
19. LEP Energy Working Group, Assmann, R., et al., Eur. Phys. J. C 6 (1999) 187; 
LEP Energy Working Group, Eur. Phys. J. C 39 (2005) 253. 67 
20. G. Altarelli,. T. Sjostrand and F. Zwirner, (eds.) Workshop on Physics at LEP2, Yellow report 
CERN 96-01, 1996. 67, 76 


BW 


108 


41. 
42. 


43. 


44. 


45. 


46. 
47. 
48. 
49. 


50. 
51. 


3 Gauge Boson Production at LEP 


. K. Hagiwara, R. D. Peccei and D. Zeppenfeld, Nucl. Phys. B 282 (1987) 253. 67, 76 

. M. Bilenky, J. L. Kneur, F. M. Renard and D. Schildknecht, Nucl. Phys. B 409 (1993) 22. 67 
. The ALEPH Collaboration, S. Schael, et al., Eur. Phys. J. C 38 (2004) 147. 69 

. The DELPHI Collaboration, J. Abdallah, et al., Eur. Phys. J. C34 (2004) 127. 69 

. The L3 Collaboration, P. Achard, et al., Phys. Lett. B 600 (2004) 22. 69, 70, 71 

. The OPAL Collaboration, G. Abbiendi, et al., Eur. Phys. J. C 52 (2007) 767. 69 

. S. Catani et al., Phys. Lett. B 269 (1991) 432; S. Bethke et al., Nucl. Phys. B 370 


(1992) 310. 71, 99, 102 


. F. Cosutti, Eur. Phys. J. C44 (2005) 383. 71,73, 103 
. KandY runs concurrently KORALW version 1.51 and YFSWW3 version 1.16. S. Jadach 


et al., Comp. Phys. Comm. 140 (2001) 475. 71, 101, 103 


. Racoon WW, A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Phys. Lett. B 475 (2000) 


127; A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, W-pair production at future e+e- 
colliders: precise predictions from RACOONWW, hep-ph/9912447. 71, 103 


. The ALEPH Collaboration, S. Schael, et al., Phys. Lett. B 605 (2005) 49. 74 

. The DELPHI Collaboration, J. Abdallah, et al., Eur. Phys. J. C 45 (2006) 273. 74 

. The L3 Collaboration, P. Achard, et al., Phys. Lett. B 547 (2002) 151. 74,75 

. G. Passarino, Nucl. Phys. B 578 (2000) 3; G. Passarino, Nucl. Phys. B 574 (2000) 451. 75,76 

. see for example: W. Kilian, Dynamical Electroweak Symmetry Breaking, hep-ph/0303015v2. 77 
. The ALEPH Collaboration, S. Schael, et al., Phys. Lett. B 614 (2005) 7. 77, 78, 79, 80, 82 

. The DELPHI Collaboration, J. Abdallah, et al., Eur. Phys. J. C 54(2008) 345. 77, 80 

. The L3 Collaboration, P. Achard, et al., Phys. Lett. B 586 (2004) 151. 77, 78, 80 

. The OPAL Collaboration, G. Abbiendi, et al., Eur. Phys. J. C 33 (2004) 463. 77, 80 

. F. A. Berends, R. Kleiss and R. Pittau, Nucl. Phys. B 424 (1994) 308; Nucl. Phys. B 426 


(1994) 344; Nucl. Phys. (Proc. Suppl.) B 37 (1994) 163; R. Kleiss and R. Pittau, Comp. 
Phys. Comm. 83 (1994) 141; R. Pittau, Phys. Lett. B 335 (1994) 490. 78, 100 

M. Diehl and O. Nachtmann, Z. Phys. C 62 (1994) 397. 78 
http://www-cdf.fnal.gov/physics/ewk/, public notes are regularly appearing; The D@ Collab- 
oration, V. Abazov, et al., Phys. Rev. Lett. 100 (2008) 131801, arXiv.org:0712.0599; The DØ 
Collaboration, V. Abazov, et al., Phys. Lett. B 653 (2007) 378, arXiv.org:0705.1550; The 
DØ Collaboration, V. Abazoy, et al., Phys. Rev. D 74 (2006) 057101, hep-ex/0608011; The 
DØ Collaboration, V. Abazovy, et al., Measurement of the WW production cross section with 
dilepton final states in p-pbar collisions at sqrt(s)=1.96 TeV and limits on anomalous tri- 
linear gauge couplings, arXiv:0904.0673v1; The DØ Collaboration, V. Abazov, et al., Phys. 
Rev. D 76 (2007) 111104, arXiv.org:0709.2917. 80 

The ALEPH Collaboration, A. Heister, et al., Phys. Lett. B 602 (2004) 31; The DELPHI 
Collaboration, J. Abdallah, et al., Eur. Phys. J. C 31 (2003) 139; The L3 Collaboration, P. 
Achard, et al., Phys. Lett. B 540 (2002) 43; The L3 Collaboration, P. Achard, et al., Phys. Lett. 
B 527 (2002) 29; The L3 Collaboration, P. Achard, et al., Phys. Lett. B 490 (2000) 187; The 
L3 Collaboration, P. Achard, et al., Phys. Lett. B 478 (2000) 39; The OPAL Collaboration, 
G. Abbiendi, et al., Phys. Rev. D 70 (2004) 032005; The OPAL Collaboration, G. Abbiendi, 
et al., Phys. Lett.B 471 (1999) 293. 80, 81, 82 

G. Bélanger and F. Boudjema, Nucl. Phys. B 288 (1992) 201; J. W. Stirling and A. Werthen- 
bach, Eur. Phys. J. C 14 (2000) 103. 80 

R. Hanbury Brown and R. Q. Twiss, A Test of a New Type of Stellar Interferometer on Sirius, 
Nature 178 (1956) 1046. 83 

G. Goldhaber, et al., Phys. Rev. Lett. 3 (1959) 181. 83 

D. H. Boal, C. -K. Gelbke and B. K. Jennings, Rev. Mod. Phys. 62 (1990) 553. 83 

G. Baym, Act. Phys. Pol. B 29 (1998) 1839. 83 

J. Vandalen, Bose-Einstein correlations in e+e- events, Ph.D. thesis, University of Nijmegen 
(2002). 83 

The ALEPH Collaboration, S. Schael, et al., Phys. Lett. B 606 (2005) 265. 83 

The DELPHI Collaboration, J. Abdallah, et al., Eur. Phys. J. C 44 (2005) 161. 83 


References 109 


52. The L3 Collaboration, P. Achard, et al., Phys. Lett. B 547 (2002) 139. 83, 84, 85 

53. The OPAL Collaboration, G. Abbiendi, et al., Eur. Phys. J. C 36 (2004) 297. 83, 84 

54. T. Sjostrand, P. Edén, C. Friberg, L. Lonnblad, G. Miu, S. Mrenna and E. Norrbin, Comp. 
Phys. Comm. 135 (2001) 238; For colour reconnection and Bose-Einstein correlation studies 
PYTHIA version 6.121 is used; T. Sjostrand, Recent Progress in PYTHIA, Preprint, LU-TP- 
99-42, hep-ph/0001032. 83, 96 

55. The L3 Collaboration, P. Achard, et al., Phys. Lett. B 524 (2002) 55. 83 

56. G. Gustafson, U. Pettersson and P. Zerwas, Phys. Lett. B 209 (1988) 90. 87 

57. T. Sjostrand and V. Khoze, Z. Phys. C 62 (1994) 281; V. Khoze and T. Sjostrand, Eur. Phys. 
J. C 6 (1999) 271. 87 

58. L. Lonnblad, Z. Phys. C 70 (1996) 107. 87, 88, 90 

59. G. Gustafson and J. Hakkinen, Z. Phys. C 64 (1994) 659. 87 

60. J. Ellis and K. Geiger, Phys. Rev. D 54 (1996) 1967, Phys. Lett. B 404 (1997) 230. 87 

61. J. Rathsman, Phys. Lett. B 452 (1999) 364. 87,90 

62. G. Corcella, I. G. Knowles, G. Marchesini, S. Moretti, K. Odagiri, P. Richardson, M. H. 
Seymour and B. R. Webber, JHEP 0101 (2001) 010; hep-ph/0210213. 87, 89 

63. The ALEPH Collaboration, S. Schael, et al., Eur. Phys. J. C 48 (2006) 685. 90 

64. The OPAL Collaboration, G. Abbiendi, et al., Eur. Phys. J. C 35 (2004) 293. 90 

65. The L3 Collaboration, P. Achard, et al., Phys. Lett. B 581 (2004) 19. 90 

66. The OPAL Collaboration, G. Abbiendi, et al., Eur. Phys. J. C 45 (2006) 291. 89, 90, 92, 94, 95 

67. D. Duchesneau, New Method Based on Energy and Particle Flow in ete — WW —> 
hadron Events for Colour Reconnection Studies, LAPP-EXP-2000-02. 91 

68. A. Ballestrero, et al., J. Phys. G 24 (1998) 365. 91 

69. The JADE Collaboration, W. Bartel and A. Petersen, Results From Jade, Talks given at the 
15th Rencontre de Moriond, Les Arcs, France, Mar 9-21, 1980; The JADE Collaboration, 
W. Bartel, et al., Phys. Lett. B 101 (1981) 129; The JADE Collaboration, W. Bartel, et al., Z. 
Phys. C 21 (1983) 37; The JADE Collaboration, W. Bartel, et al., Phys. Lett. B 134 (1984) 
275; The JADE Collaboration, W. Bartel, et al., Phys. Lett. B 157 (1985) 340; The TPC/Two 
Gamma Collaboration, H. Aihara, et al., Z. Phys. C 28 (1985) 31; The TPC/Two Gamma 
Collaboration, H. Aihara, et al., Phys. Rev. Lett. 57 (1986) 945; The TASSO Collaboration, 
M. Althoff, et al., Z. Phys. C 29 (1985) 29. 91 

70. The L3 Collaboration, P. Achard, et al., Phys. Lett. B 561 (2003) 202. 91,92, 95 

71. The DELPHI Collaboration, J. Abdallah, et al., Eur. Phys. J. C 51 (2007) 249. 92,95 

72. The ALEPH Collaboration, S. Schael, et al., Eur. Phys. J. C 47 (2006) 309. 93, 95, 99, 104, 105 

73. C. Buttar, et al., Les Houches Physics at TeV Colliders 2005, Standard Model and Higgs 
working group: Summary report, arXiv:hep-ph/0604120v1. 95 

74. R. Field, et al., Pythia Tune A, Herwig, and Jimmy in Run 2 at CDF, hep-ph/0510198. 96 

75. D. Wicke, P. Z. Skands, Non-perturbative QCD Effects and the Top Mass at the Tevatron, 
arXiv:0807.3248v1. 96 

76. Tevatron Electroweak Working Group, for the CDF Collaboration, the DØ Collaboration, 
Combination of CDF and DO Results on the Mass of the Top Quark, arXiv:0903.2503v1 61, 96 

77. M. Beneke, et al., Four-fermion production near the W pair production threshold, CERN- 
PH-TH-07-107, arXiv:0707.0773v1 [hep-ph]. 97 

78. The OPAL Collaboration, G. Abbiendi, et al., Eur. Phys. J. C 26 (2003) 321. 97 

79. The L3 Collaboration, P. Achard, et al., Eur. Phys. J. C 45 (2006) 569, hep-ex/0511049. 98, 99, 104 

80. The DELPHI Collaboration, J. Abdallah, et al., Eur. Phys. J. C 55 (2008) 1, 
arXiv:0803.2534http://arxiv.org/abs/0803.2534. 99, 100, 101, 104 

81. The OPAL Collaboration, G. Abbiendi, et al., Eur. Phys. J. C 45 (2006) 307, hep-ex/0508060. 99, 101, 104 

82. Yu. L. Dokshitzer, G. Leder, S. Moretti and B. Webber, JHEP 08 (1997) 001; S. Bentvelsen, 
I. Meyer, The Cambridge Jet algorithm: features and applications, hep-ph/9803322v1. 102 

83. L. Lonnblad, Z. Phys. C 58 (1993) 471. 102 

84. The DELPHI Collaboration, P. Abreu, et al., Eur. Phys. J. C 18 (2000) 203; Erratum ibid. C 
25 (2002) 493. 104 


110 


85. 


86. 


3 Gauge Boson Production at LEP 


Tevatron Electroweak Working Group, Combination of CDF and DO results on the W boson 
mass and width, arXiv:0808.0147v1; Tevatron Electroweak Working Group, Updated Com- 
bination of CDF and DO results for the Mass of the W Boson, arXiv:0908.1374v1. 106, 107 
The ALEPH, DELPHI, L3, OPAL, SLC Collaborations, the LEP Electroweak Work- 
ing Group, the Tevatron Electroweak Working Group, and the SLD electroweak and 
heavy flavour groups, Precision Electroweak Measurements and Constraints on the 
Standard Model, CERN-PH-EP/2008-020; arXiv:0811.4682. Updates can be found at 
http://lepewwg.web.cern.ch/LEPEWWG/. 106, 107 


Chapter 4 
Electroweak Measurements and Model Analysis 
of Electroweak Data 


The parameters of the Standard Model are accessed in many precision measure- 
ments at the LEP, SLD, and Tevatron colliders and in low-Q? experiments. The 
low-Q? range is meant to be relative to the square of the weak boson masses, Mz 
and M3,. 

As mentioned in Chap. 1, of main interest are the electroweak coupling struc- 
ture and the particle masses, especially those of the heavy particles, m,, Mw, Mz, 
and My. In the following sections the different inputs to the combined analysis of 
electroweak data are discussed. 


4.1 W Boson Mass Measurements at LEP and Tevatron 


The mass of the W boson is not only measured at LEP but also in pp collisions 
at the Tevatron. W bosons are produced in the parton-level process gg’ —> W and 
decays to ev, and uv, are selected. The observables sensitive to My [1] are the 
transverse lepton momentum pj, the missing transverse momentum poe = Pr 
and the transverse mass mr, which is an approximation of the mass of the decaying 


W. It is calculated according to 


mr = V2ph PRC — cos Ad) , (4.1) 


with the azimuthal angular difference, Ad, between the missing momentum and 
p$. Examples of the measured my and pi- distributions in the W — ev channel are 
shown in Fig. 4.1. The W mass is extracted from a binned log-likelihood fit to the 
mr, p and pm’ spectra, in which the data in each bin is compared to predictions 
using different underlying My values, so-called templates. In case of the CDF mea- 
surement, the templated predictions are determined in a fast simulation procedure. 
The likelihoods are scanned in My steps of 1 MeV. The minima are determined for 
each data set and decay channel separately and the results are eventually combined, 
taking correlations into account. 

The mr spectrum yields statistically and systematically the most precise Mw 


miss 


value, while the pý. and p?"’S measurements have an about 20% larger error. The 
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Fig. 4.1 Transverse mass (a) and transverse lepton momentum (b) distribution in W — ev events 
as measured by CDF [2]. The fit result using the two spectra in the range indicated by the arrows 
are also shown in the graphic 


main sources of systematic uncertainties is from the tracker momentum scale in 
the muon and electron channel and the calorimeter energy scale for electrons. The 
former is calibrated in di-muon decays of J/w, Y and Z bosons, while the latter 
relies on the precise calibration of the E’/p ratio of electrons. It is also verified with 
Z — ete events. In the latest CDF measurement, the lepton scale contributes with 
23 MeV to the total systematic uncertainty of 34 MeV. Furthermore, uncertainties 
from variation of PDFs are determined with the standard CTEQ6 [3] error sets and 
comparison with the alternative MRST [4] parameterisation. They contribute with 
13 MeV to the systematics. In the p{ and a measurements the recoil scale and 
resolution play a larger role than for m7, so that the corresponding uncertainty on the 
combined My value is 8-10 MeV each. The influence of the transverse momentum 
of the W, pj, on the measured p$ is well controlled by fits to Drell- Yann production 
data, exploiting the similarity to Z boson production. It actually affects the My value 
only by 4 MeV, even less than the uncertainties from lepton resolution, efficiency, 
backgrounds and simulation uncertainties, which each contribute between 2 and 
6 MeV. The CDF measurement analysing 200 pb~! of Run-II data yields 


My = 80.413 + 0.034 (stat.) + 0.034 (syst.) GeV. (4.2) 


The currently best DØ measurement is based on 1 fb~! of Run-II data and the anal- 
ysis of only the W — ev channel yields [5]: 


Mw = 80.401 + 0.021 (stat.) + 0.038 (syst.) GeV . (4.3) 


with a total uncertainty smaller than in the CDF determination. The main source of 
systematics in this measurement is from the electron momentum scale and amounts 
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W-Boson Mass [GeV] 
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Fig. 4.2 Tevatron and LEP measurement of the W boson mass and their combination [13] 


to 34 MeV. The CDF and DØ results are combined taking correlations into account, 
which yields [1]: 


Mw = 80.420 + 0.031 GeV (4.4) 


The uncorrelated uncertainties sum up to about 27 MeV, while the main corre- 
lated uncertainties are about 12 MeV from assumptions about the W and Z boson 
production, respectively the parton density functions applied in the analyses, and 
about 9 MeV from the description of radiative corrections. 

The Tevatron result on My is compared to the LEP measurement in Fig. 4.2. The 
currently best My value combines all collider results and yields: 


Mw = 80.399 + 0.023 GeV . (4.5) 


It agrees well with the W-mass derived in the analysis of other electroweak 
data of 


Mw = 80.364 + 0.020 GeV , (4.6) 


which mainly exploits the well-known relation between the precisely measured 
muon decay constant Gr and the electroweak gauge boson masses of Eq. (1.45). 
Radiative corrections and uncertainties on the other model parameters, including a 
variation of My between the current lower limit of 114.4 GeV and 1 TeV, are taken 
into account. 


114 4 Electroweak Measurements and Model Analysis of Electroweak Data 
4.2 Top Mass Measurement at the Tevatron 


The mass of the heaviest quark dominates radiative correction terms to the W prop- 
agator over other quark contributions, and a precise determination of m, is therefore 
necessary for detailed model comparisons with electroweak data. The top quark 
mass is above the W+b threshold so that it practically always decays to this final 
state since W+s and W+d decays are CKM suppressed. The width of the top quark 
in the Standard Model is given at NLO by [6]: 


ppa Oa (ee a] fı 2 (= >) (4.7) 
8/2 m? m? 3r \3 2 
which numerically is equal to 1.35 GeV, for the currently best Mw and m, values and 
a; = 0.118. The corresponding lifetime is very short, t; = 5x 107 25s, so that the top 
decays before hadronisation starts or ff bound states can be formed. Experimentally, 
an upper limit of 1.8x 107135 is derived at 95% C.L. by reconstructing decay vertices 
of top quarks and their corresponding decay lengths [7]. 


At the Tevatron, the dominant production of top quarks is in tt pairs with the 
following final states: 


e 46.2% fully hadronic: tf > WtbW~b > qq'bq"q"b 
e 43.5% leptont+jets: ti > WtbW~b —> qq'bl- ib + Lt ve bq" Gb 
e 10.3% di-lepton: tf > W+bW—b > £*vibt deb 


The branching fractions of the three decay types are identical to the correspond- 
ing W pair decay fractions (see Sect. 3.3). 

The most precise m, value is obtained in the analysis of the lepton+jets chan- 
nel [8, 9]. Top quark pairs are selected using the final state signatures, one lepton 
with high pj, high me, two light-quarks jets and two jets with a B hadron tag 
which is based on the fact the B hadrons travel several millimetres before they decay. 
The event kinematics of the two top quarks in the event are reconstructed from the 
final state leptons and jets, and where all jet-to-parton permutations are taken into 
account exploiting also the b-tag information. One of the potentially largest system- 
atic uncertainty is due to the jet energy scale (JES), because it enters directly the 
top mass estimator. The JES for light jets can however be determined in top decay 
events themselves by fixing the mass of the hadronically decaying W bosons to the 
externally measured My value. The JES for b-jets is then determined relative to the 
JES of light jets. 

In the matrix-element weighting method, which is used in many top mass analy- 
ses, a likelihood is constructed from the event probability 


Po(x;mt, JES) = fiop Ps (x; m, JES) + (1 — frop) Po(xs JES) , (4.8) 


where x summarises the kinematic variables of the event, fio) denotes the signal 
fraction, and P, and P, the signal and background probabilities. They both depend 
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on the event kinematics and the JES. The signal probability is sensitive to m, and 
can be written as [9]: 


1 
Os,obs(X3 Mr, JES) 


xD) wi dqidqz f (qi) f (q2) 
2 f 2qıq2s 


P; (Œ; m, JES) = 


(2rIM (q > tt > y)? 


W(x, y; JES)d ®6 . (4.9) 


The matrix element squared, |M(qg —> tf —> y)|?, is weighted by the PDFs, 
Ff (qi), and integrated over the parton momentum fractions g;. A second integral is 
performed over the parton configurations y that correspond to the measured event 
kinematics x, where W(x, y; JES) is the transfer function that relates y to x and 
which depends also on the JES. The integral is normalised by the observed sig- 
nal cross-section 0, ops(x;7;, JES). All parton-jet permutations are weighted with 
w; and combined. In this way, a maximum of information is extracted from each 
event and m; and the JES can be fitted simultaneously. The fit result for DØ in the 
leptons+jets channel is shown in Fig. 4.3. 

Residual pr or n dependent uncertainties on the JES which can not be accessed 
by a global rescale factor are furthermore taken into account. Also the b-JES is 
further tested by varying b decay fractions, b fragmentation functions and detector 
response to b-jets. In the lepton+jets channel the total JES uncertainty is about 1.0 
and 1.3 GeV for CDF and DØ, respectively. Other systematic error sources, like PDF 
uncertainties, ISR and FSR modelling, background uncertainties and modelling of 
the underlying event and pile-up are relatively smaller, so that the total systematics 
is at the 1.4-1.6 GeV level, compared to a 0.8-0.9 GeV statistical error that both 
Tevatron experiments obtain in about 3.2 (CDF) and 3.6 fb~! (DØ) [11]. 


fh - 4 
DØ Run llb Preliminary, L=2.6 fb CDF Run II Preliminary (2.9 fb™) 


an j 7 A 
w lepton+jets with prior 


> 2 tags events m4 
=f- Data 
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_AlnL=2.0 ) 
“eel 
A inL=4.5 


(a) 


M, (GeV) m” (GeV) 
top 


Fig. 4.3 (a) Correlation of extracted top mass and jet energy scale (JES) in lepton+jets event 
analysis of DØ [9]. (b) Top mass spectrum in fully hadronic top decays with two b-tagged jets, as 
determined by CDF [10] 


116 4 Electroweak Measurements and Model Analysis of Electroweak Data 


The combined m, and JES fit is also applied in the fully hadronic channel, 
while the di-lepton channel can obviously not rely on this technique. Here, the 
JES uncertainty is determined by varying jet energy scales within its uncertainty, 
in addition to the previously described JES systematics. The total JES error is there- 
fore slightly larger, 2.0-2.6 GeV, than in the channels with hadronic top decays. 
An example of a mass spectrum measured in the hadronic channel is shown in 
Fig. 4.3. 

The top quark mass can however not only be measured by fully reconstructing 
its decay into W+b. Since at the Tevatron the top quarks are nearly produced at rest, 
the b-quark system is boosted by a relativistic factor of 


t 


mimi May (4.10) 
2mMp ` mp’ i 


Ye: = 


which depends on m;. Rather than determining the lifetime of the B hadron its 
two-dimensional decay length, L2p, is measured. This is the distance between the 
primary vertex of the event and the reconstructed secondary vertex from the B decay 
in the plane transverse to the beam. The mean (L7p) has a nearly linear relation 
with m. Similarly, the mean pe of the lepton is highly correlated with the top mass 
because also the W boson receives a boost proportional to m. CDF obtains the 
following results in 1.9 fb—! of data [12]: 


(Lop) = 0.596 + 0.017 cm = m, = 176.773%" (stat.) + 3.4 (syst.) GeV 
(pr) =55.2£1.3 GeV > m = 173.5134 (stat.) + 4.2 (syst.) GeV 


These measurements are by construction not directly affected by JES uncertain- 
ties. They are only indirectly influenced by a change of the event selection, mainly 
because of out-of-cone corrections to the JES. The total effect is however much 
smaller than other systematics. Dominating are the scale uncertainties on the (L2p) 
and ( p$) and QCD ISR and FSR effects. 

An overview over all top quark measurements by CDF and DØ and their combi- 
nation are shown in Fig. 4.4. The central value [11] of 


m, = 173.1 + 0.6 (stat.) + 1.1 (syst.) GeV (4.11) 


is mainly influenced by the lepton+jet channel but all analyses yield very consistent 
results. The main systematic effects are from JES (+0.7 GeV), and Monte-Carlo 
modelling of the tt signal used for calibrating the fit method (+0.5 GeV). The 
uncertainty from the understanding of Colour Reconnection in tt events amounts 
to +0.4 GeV, estimated by comparing two differently tuned Monte-Carlo param- 
eter sets with CR. Similarly to the W-mass measurements at LEP, the CR sys- 
tematics may become a dominating uncertainty since it is fully correlated among 
experiments and analysis channels, and because the JES uncertainty will decrease 
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with increasing data statistics. The uncertainties on signal and background descrip- 
tion are each contributing with +0.3 GeV, which takes ISR, FSR and hadroni- 
sation effects into account. The remaining systematics from lepton momentum 
scale, multi-hadron interactions and finite Monte Carlo statistics are all smaller than 
0.2 GeV. 

A comparison with the indirect top quark mass of m, = 178.94317 GeV [13] 
determined from other electroweak data is only a rough test of the Standard Model 
relations between the electroweak parameters, which emphasises the important role 
of a precise direct measurement of the top quark mass. 


4.3 Low- Q? Measurements 


In the general analysis of electroweak data, precision experiments at energies below 
the Z resonance are taken into account as well. Atomic parity violation, Møller 
scattering and Neutrino-nucleon scattering are discussed in the following. The 
hadronic cross-section measurement plays a separate, but important role, because 
it is input to the determination of the running of the electromagnetic coupling 
&œQeED from Q? = Oto Q? = MZ, where many LEP and SLD measurements were 
performed. 
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4.3.1 Muon Lifetime Measurement 


One of the most precise ingredients of the electroweak data set is the Fermi constant 
Gr, which is determined in measurements of the muon lifetime, t,,. The expression 
for the inverse lifetime 


1 Gim), 


(1+ Aq) (4.12) 


Tu 1927? 


includes phase space, QED and hadronic corrections to the lowest order formula, 
summarised into Aq. This term is calculated to second order QED [14] so that the 
relative theoretical uncertainty on Gpr is less than 0.3 ppm. The two recent exper- 
iments by the MuLan [15] and FAST [16] collaborations analysed the decay time 
of muons that are brought to rest in a target. Both experiments measured the decay 
rate of positrons from the reaction w+ — e*v,d,, in scintillator detectors. MuLan 
is using a pulsed muon beam and scintillator detectors that are arranged spherically 
around the target, while FAST works with a continuous muon beam, and the scin- 
tillator pixel detector is the actual target. After background subtraction and noise 
correction, the muon lifetime is extracted from the exponential decay time spectrum 
with the following results [15, 16] 


t, (FAST) = 2.197083(32)(15)us (4.13) 
T, (MuLan) = 2.197013(21)(11)ps , (4.14) 


where the first error is statistical and the second systematic. The corresponding val- 
ues of Gr improve on the current world average (WA) [17]: 


Gr (MuLan) = 1.166371(6) x 1075 Gev~? (4.15) 
Gr (FAST) = 1.166353(9) x 107% Gev~* (4.16) 
Gr (WA) = 1.16637(1) x 1075 GeV~? . (4.17) 


For the current analysis of electroweak data this improvement is however not so 
relevant because the precision of Gr largely exceeds those of the other electroweak 
parameters. The last value of Gr is therefore currently used in combined data anal- 
yses. Still, it is nice to see that the more recent measurements are in good agreement 
with this value. 


4.3.2 Atomic Parity Violation 


Sensitivity to electroweak parameters is also given in atomic parity violation exper- 
iments. Z boson contributions in the interaction of electrons and nucleus lead 
to parity violation when atomic hyperfine amplitudes are studied. The currently 
most precise experiments [18] studied the parity violating, highly forbidden 6S—7S 
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transition in Caesium, LCs: The experiments shine two polarised laser beams on Cs 
vapour to first pump the atoms into the excited state and then use the second beam as 
analyser. An external electric field is applied to create an additional Starck-induced 
component which interferes with the parity violating transition. The asymmetry 
between two perpendicular polarisation directions of the analysing laser beam is 
then proportional to the parity violation strength. 

The corresponding probability amplitude is calculated precisely in atomic many- 
body theory. It is proportional to the weak charge of the atomic nucleus 


Ow(Z, N) = —2{Ci,(2Z + N) + Cia(Z + 2N)} , (4.18) 


for an atom with Z protons and N neutrons. The weak charges of the up and down 
quark, Ciu and C14, are proportional to the axial and vector couplings of Eq. (1.28): 


Cig = 28 Ae8Vq : (4.19) 
The atomic weak charge can therefore also be written as 
Ow(Z, N) © Z(1 —4sin’ 0w) — N (4.20) 


The most recent calculation [19] yields Qw(Cs) = —72.74 + 0.46. 


4.3.3 Moller Scattering at EA316 


The Møller scattering experiment EA316 at the End Station A [20] at SLAC used a 
high-intensity pulsed and polarised electron beam of 45 and 48 GeV energy which 
passed through a cylinder filled with liquid hydrogen of 1.57 m length. The scattered 
electrons were detected in a magnetic spectrometer in an angular range 4.4 < 45 < 
7.5 mrad in the laboratory frame. Møller scattering electrons of 13—24 GeV are 
measured and separated from background of ep scattering in a radially segmented 
calorimeter. The average beam polarisation is P, = 0.89 + 0.04. 

In presence of neutral charge currents a parity violating asymmetry in the 
measured electron rate is expected between right-handed and left-handed incident 
beam: 


Apy = ; (4.21) 


After correcting for the polarisation P,, calorimeter linearity, beam characteris- 
tics and backgrounds, the result obtained is 


Apy = —131 + 14 (stat.) + 10 (syst.) x 107° (4.22) 


120 4 Electroweak Measurements and Model Analysis of Electroweak Data 
The relation to the effective weak mixing angle is given by 
Apy = —A(Q”, yo {1 — 4 sin” bx(Q) + A} , (4.23) 


where p‘©) is the low-energy ratio of the weak neutral charge and the charged cou- 
plings, and A contains residual O(a) corrections. The effective analysing power is 
given by 


GrQ? l—y 


A(Q?, y) = 
oe J2magep(Q) 1+ y4 + (1 — y 


Forp (4.24) 


where the momentum transfer is Q? = 0.026 GeV’, y = Q?/s ~ 0.6. The factor 
Foen = 1.01 + 0.01 takes QED radiative corrections into account, like ISR/FSR, 
box and vertex corrections. Numerically, A is determined from simulations to be 
A = (3.25 + 0.05) x 107°. The electroweak mixing angle derived from this 
measurement is 


sin? O.¢(O*) = 0.2397 + 0.0010 (stat.) + 0.0008 (syst.) (4.25) 


at the experimental Q? = 0.026 GeV’, in agreement with a Standard Model expec- 
tation of sin? betel Q?) = 0.2381 + 0.0006. After evolution to Mz one obtains 


sin? 6 (Mz) = 0.2330+0.001 1 (stat.)+0.0009 (syst.)0.0006 (evolution) (4.26) 


which is used as input to the electroweak data analysis. 


4.3.4 Neutrino-Nucleon Scattering at NuTeV 


A measurement of the weak mixing angle is also performed in v and Ð nucleon inter- 
actions in the NuTeV detector [21], which was built as a 690 ton steel-scintillator 
target. The very pure muon neutrino and anti-neutrino beams undergo charged (CC) 
and neutral current (NC) interactions. Both NC and CC reactions create short-range 
hadronic cascades in the detector, only the CC reaction however produces a final 
state muon that penetrates the detector over a longer distance. The length of the 
events measured from the interaction vertex in units of traversed scintillator counters 
is therefore a characterisation of their NC and CC nature. 

By counting those events the NC/CC ratio of the cross-section differences of v 
and ọ reactions can be determined: 


_ OVN > va X)— o (ÖN > X) 
E oV, N > p-X)—o(0,N > u*X) 


(4.27) 


According to Paschos-Wolfenstein [22] this ratio is related to the left and right 
handed couplings of the neutrinos and the u and d valence quarks in the target by 
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— lo a 
R` = 487, > {8ig — Sig} = Pv Pud È — sin? a) , (4.28) 


from which the on-shell value of sin? 6w can be extracted. NuTeV determines [21] 


M2 
sin? 6, = 1 — —¥ 
Mz 


= 0.22773 + 0.00135 (stat.) + 0.00093 (syst.) 
m2 — (175 GeV)? 
(50 GeV)? 


My 
150 GeV 


—0.00022 ( ) + 0.00032 In ( ) (4.29) 


with the given dependence on m, and My. This measured value disagrees from the 
Standard Model prediction by about 30. Figure 4.5 compares the low-Q” measure- 
ments to the Standard Model prediction, after conversion to sin? Oefe- However, R7 
is a derived quantity obtained from the individual NC/CC ratios for neutrinos and 
anti-neutrinos, R” and R”, which are measured by NuTeV directly. The deviation 
can be isolated to be mainly in R” which is also much more sensitive to sin? 6. The 
ratios R” and R” are displayed separately in Fig. 4.5. 

A complication of the NuTeV measurement arises however from the fact that 
also strange sea-quark contributions need to be taken into account in the parameter 
extraction. A detailed analysis of the strange/anti-strange asymmetry component in 
the PDFs yields a negative, but small correction of —0.0014 + 0.0010 [17, 24] to 
sin? Ow, reducing the Standard Model difference to 1.9 o. Furthermore, new evalu- 
ations of the radiative correction terms involving QED hard photon emission [25] 
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Fig. 4.5 (a) Evolution of the electroweak mixing angle sin? Gere as a function of momentum transfer 
Q, compared to the measurements in atomic parity violation, Møller scattering, neutrino-nucleon 
scattering and at the Z pole [20]. (b) NC/CC ratios as measured by NuTeV separately in neutrino 
and anti-neutrino nucleon scattering, R” and R” [23]. The anti-neutrino ratio R” is in agreement 
with the Standard Model prediction, shown as a point, while R” is not. In a recent re-analysis of 
the data [17] the difference of the to the Standard Model prediction is reduced to 1.9 standard 
deviations 
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may lead to additional corrections of the measurement value and proper treatment 
of PDFs is needed [17, 26]. Scrutinising the NuTeV result is therefore still ongoing. 
New measurements with higher resolution are proposed [27] and may resolve the 
situation experimentally. 


4.3.5 Running of agen 


The running of the electromagnetic coupling aggp is a consequence of the screening 
of the electromagnetic charge by polarisation of the vacuum. The running is exper- 
imentally established in the measurement of Bhabha scattering ete — ete at 
LEP, where the differential cross-section do /dt is determined. The dependence on 
the electromagnetic coupling is [28]: 


do S Ar agep(t?) 
= 2 


P7 Akeri NI + 6), (4.30) 


where the s-channel contributions ô, and ôz are much smaller than the radiative 
corrections £. The overall scale of the cross-section is however not a good measure, 
because it is normalised by the beam luminosity which is derived from low-angle 
Bhabha scattering which again assumes aggp(t7) to be known. On the other hand 
the angular distribution contains information on Agep(t?) since 


2 1 — cos 0 
O° =t x —s —, (4.31) 
2 
and s is known precisely at LEP. Such a measurement is performed by OPAL at low 
Q? [28] in the very forward luminosity monitor with its very high angular resolution 
and by L3 in both low and high Q? regions [29]. Figure 4.6 summarises the LEP 
results [30] and shows clearly that data are incompatible with a constant value of 
œen and that the running follows the QED prediction. 

For the electroweak data analysis a more precise method is however necessary. 
As mentioned in Chap. 1, the leptonic and top quark part of Aa(M 2) are calculable 
with small theoretical uncertainty. Experimental input is then used to derive the 


hadronic contributions, Age’, applying the dispersion relation [31]: 


2 œo R 
AÊ (03) = -L2 — f UA 5 (4.32) 


with the hadronic to leptonic ete~ annihilation cross-section ratio 


o%(ete~ — hadrons) 


R(s) = , and 0 (ete > wtp) = 


Ar az 
— 2 (4.33) 

a%"ete > utu) 3s 
The ratio R(s) is calculable in perturbative QCD only in regions away from qq 
thresholds and resonances. The approach of [32] is therefore to apply theoretical 
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Fig. 4.6 (a) Electromagnetic coupling constant measured by LEP in Bhabha scattering as a func- 
tion of Q? compared to a constant value of @ggp and the QED prediction [30]. (b) Data and 
corresponding uncertainty used to determine R(s) in regions where perturbative QCD can not be 
safely applied [32] 


calculations for ./s > 12 GeV and experimental data for lower ./s, which is shown 
in Fig. 4.6. This yields the already mentioned value of [32]: 


Aa, = 0.02758 + 0.00035 . (4.34) 


A more theoretically driven value is obtained in [31], where perturbative QCD is 
used to calculate R(s) also for ./s > 1.4 GeV, with the result 


Aa?, = 0.02749 + 0.00012 . (4.35) 
The two estimations agree well, and also with other independent determinations [17]. 
4.3.6 Anomalous Magnetic Moment of the Muon 


Charged elementary particles with half-integer spin have a magnetic dipole moment 
u parallel to the spin s: 


w= gs. (4.36) 
2m 


with the Landé g factor. For leptons, g has a value of about 2, and the exact value 
depends on radiative corrections, summarised in the anomaly: 
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GL, (4.37) 


The measurements of these parameters are sensitive to higher order quantum 
corrections from QED, electroweak theory, hadronic contributions and possibly new 
physics beyond the Standard Model. The sensitivity of az to high mass scales A is 
proportional to 


baz _ me (4.38) 
ae E A i 

so that it is more advantageous to measure g—2 with muons than with elec- 
trons. The most precisely measured value of a, is obtained by the E821 exper- 
iment [33]. Polarised muons from a pion beam were stored in a superconducting 
magnet ring producing a highly uniform B field of 1.45 T. The degree of polari- 
sation reached 95%. For vertical focusing of the muon beam, electric quadrupoles 
were arranged around the ring which had a central orbital radius of 7.11 m. The 
cyclotron frequency taking both electrical and magnetic fields into account is given 
by [34] 


B 
Gass" | i B xB] , (4.39) 
m (y yt- 1 


and the spin precession frequency is equal to 


_ qf/8-2 1 gE Y g Y 
ee £1 ( ; +<)B a 2e we- (4-2) pxel 
(4.40) 


with the relativistic y factor and the velocity B of the muons. For a magnetic field 
perpendicular to the muon momentum, £ - B = 0, the spin precession relative to the 
momentum occurs at a frequency 


@q = Ws — WC 


1 
D t fant Q a -A xE] l (4.41) 


The dependence on the electric field is eliminated for the “magic” y = 29.3 [35], 
which corresponds to a muon momentum of p = 3.09 GeV. Due to this simplifica- 
tion, a„ can be determined from a measurement of w, and B. The latter is measured 
with proton-NMR based on water probes, using the proton Larmor frequency 


eB 
wp = 8ra : (4.42) 
P 
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The muon anomalous magnetic moment is therefore derived from the relation 


Wa/Wp 


— 4.43 
à— (@a/@p) C ) 


ay = 


with A = Hu /HUp = 3.18334539(10) [36]. The value of œw, is calibrated to a spheri- 
cal H2O probe with a small systematic uncertainty of 0.17 x 107°. 

What remains to be measured is w,, which is done by detecting the decay electron 
rate of the parity violating muon decay u — ev,v,. The preferred direction of the 
decay electron with respect to the muon spin depends on the electron energy [34]. 
Applying a calorimetric selection of electrons above a certain energy threshold, En, 
the measured electron rate follows the time dependence 


NG, En) = No(Ewe/”™ [1 + AEn) cos(oat + P(E)! , (4.44) 
with the asymmetry parameter 


yn(2yn + 1) 


AC pee 
—yi, + yn +3 


(4.45) 


This parameter depends on the polarisation P ~ 95% of the muon beam and the 
energy ratio ym = Eyn/Emax, where the maximal electron energy in the laboratory 
frame is Emax = 3.09 GeV. Since the momenta of the decay electrons are smaller 
than the muon momenta, the electrons are swept to the inside of the storage ring and 
are detected in 24 scintillating fibre calorimeters, evenly placed around the ring. A 
typical energy threshold is 1.8 GeV and the corresponding asymmetry, A, is about 
35%. Figure 4.7 shows the time dependence of the detected number of electrons 
with the typical oscillation structure overlaid on an exponential decay curve. 

The detailed data analysis takes the beam dynamics, electrical field correc- 
tions, pitch effects, magnetic field systematics into account. The final experimental 
value is 


Million Events per 149.2ns 


Fig. 4.7 (a) Total number of 
electron above 1.8 GeV as a 
function of time (modulo 
100 us) from the 2001 u7 
data set of E821 (from [34]) Time modulo 100 us [us 
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a,,(exp.) = 11659208.0(6.3) x 107" , (4.46) 


with a statistical uncertainty of 5 x 1071? and a systematic uncertainty of 4 x 107!°. 
The total relative uncertainty is 5 x 10~!°. 

This high experimental precision is a great challenge for the theoretical calcula- 
tion of the expected value of a,,. The first order QED result [37] 


(i ee (4.47) 


is known since a long time already. The recent calculations cover: 


e complete QED 4-loop results, 5-loop leading logarithmic corrections, and an esti- 
mation of the remaining 5-loop corrections, which would involve 12672 Feynman 
diagrams but is beyond the accuracy needed [34, 38] 


dy, (QED) = (1165847180.9 + 1.45-joops + 0-Buosn + 0-4masses) x 107!° (4.48) 


agen 7 
e hadronic vacuum polarisation [39] 


a,,(had.) = (690.8 + 4.4) x 107!° (4.49) 


e hadronic light-by-light scattering [40, 41] 


a, (Ibl.) = (+10.5 + 2.6) x 107" (4.50) 


e higher order hadronic vacuum polarisation [40] 


a, (had.,ho.) = (—9.8 + 0.1) x 107! (4.51) 
e electroweak contribution in leading 2-loop and 3-loop order [42, 40] 


a (EW) = (15.2 + 0.2) x 107", (4.52) 


The result of these complex calculations is the Standard Model prediction of [40] 


a (SM) = (11659178.5 + 5.1) x 107" . (4.53) 


The deviation of the theory from experiment 


Aa, = a„(exp.) — a, (SM) = (29.5 + 8.1) x 107" (4.54) 


is at the level of 3.6 standard deviations. The theoretical uncertainty is slightly 
smaller than the experimental one and all recent theoretical approaches [17, 34, 40] 
are showing a discrepancy in the order of 3 standard deviations or more. Some 
uncertainty is however still in the treatment of the hadronic contributions to a„ (SM), 
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which are usually derived from e*e~ — hadrons data. If t-spectral functions cor- 
rected for isospin-breaking effects are used instead, the deviation from the Standard 
Model is only about 2 sigma [43]. Preliminary data from zx + yrsr production 
with initial state photons taken at the Y(4S) resonance by the BaBar collaboration 
point in the same direction [44]. More experimental and theoretical understanding 
of the different ways to extract the hadronic corrections to a,,(SM) is thus necessary. 

In general it is however interesting to observe that the electroweak corrections 
are small compared to the hadronic uncertainties, so that they cast dependencies on 
the Standard Model parameters, including My. The electroweak term can be written 
as [34, 42] 


Grp m? {5 1 r a 
a,,(EW) = a 8x L {3 + 5 (1 — 4 sin? Oy)” = A (155.514)1.8)1} 
= (15.4+ 0.2 + 0.1) x 107". (4.55) 


The a, fra on the mass of the Standard Model Higgs boson is only of 


Se i ia Ma 134], and determines the first 40.2 x 107° error, while 
the second is from High rice hadronic effects. 

On the other hand, new physics may enter the game through loop contributions. 
Super-symmetric particles, for example, would give rise to an additional term [45] 


the orde 


100 GeV \? 


a (SUSY) © 13 x 10-"( ) tan B sign(2) , (4.56) 


Msusy 


where Msysy denotes the common mass scale of SUSY particles, tan 6 the ratio 
of the two Higgs vacuum expectation values of the two Higgs doublets, and jz the 
Higgsino mass parameter. Assuming SUSY masses in the order of 200 GeV, i.e. in 
the near reach of the LHC, a value of tan 8 ~ 6 would compensate the full ~ 30 
difference between experiment and theoretical prediction. 


4.4 Model Analysis of Electroweak Data 


The data set of precision electroweak measurements consists of 


e precise Mz and Mw measurements at LEP, SLD, and Tevatron, 

e precise Z line-shape data from LEP and SLD, including Z width, branching frac- 
tions, and decay asymmetries, 

e the top mass determination at the Tevatron, 

e measurements at low Q?. 


The Standard Model predictions for the electroweak observables are calculated 
using the TOPAZO [46] and ZFITTER [47] programs. They contain higher order 
QCD corrections, two-loop corrections for Mw, complete fermionic two-loop cor- 
rections for sin 2 gt. and three-loop top-quark contributions to the p parameter [13]. 
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The theoretical uncertainties on Mw are 4 MeV and 0.000049 on sin? Of As stated 
in [13], the latter dominates the theoretical uncertainty in Standard Model fits and 
the indirect My extraction, which could be improved by a more accurate, two-loop 
calculation of the partial Z decay widths. 

The measured high- Q? observables are compared to the theoretical predictions 
in Fig. 4.8. The free parameters in the fit to data are Ags, a,(M3), Mz, m, My. 
The agreement is good, and expressed in terms of x?/DoF a value of 17.3/13 
is obtained, which corresponds to a fit probability of 18%. Adding the low-Q? 
measurements, excluding a,,, one gets a x?/DoF = 27.5/17 and a probability of 
only 5.2%. This is mainly due to the NuTeV neutrino-nucleon scattering result, 
as discussed above. The muon anomalous magnetic moment has only negligible 
sensitivity to electroweak parameters, but should still be added to the global x?. 
Doing this, one finally obtains a y*/DoF of 40.5/18 or a probability of 0.2%. The 
“outliers” are easily identified: 

e the forward-backward asymmetry of b quarks at the Z pole, AY. with 2.9 o, and 
e the muon anomalous magnetic moment, a,,, with 3.6 o. 


Both gave rise to numerous theoretical speculations and explanations. An attrac- 
tive one exists for the latter, a,,. In the Minimal Super-symmetric Standard Model 
(MSSM) additional contributions from elementary super-partner particles in the first 
and second order loops lead to additional radiative corrections that shift the expec- 
tation value closer to the measurement [45]. 


Measurement Fit JO*s_oMy/g™mers 
0 1 2 3 
Aa®)(mz) 0.02758 + 0.00035 0.02768 þa CMSSM (ne Org 
mz [GeV] 91.1875 +0.0021 91.1874 Veruble Mranmement Fit 
T, [GeV] 2.4952 + 0.0023 2.4959 bm Aam)  0.02758+0.00035 0.02774 fmm 
z mz [GeV] 91.1875+0.0021 91.1873 
Shaa [ND] 41:540 40.037 41:478 Tz [GeV] 2.49524 0.0023 2.4952 
R, 20.767 +0.025 20.742 pmi of, [nb] 41.5404 0.037 41486 þm 
An 0.01714 + 0.00095 0.01645 pmu R, 20.767+ 0.025 044 
A(P,) 0.1465+0.0032 0.1481 fm At À 0.01714+0.00095 0.01641 pamm 
P, 0.1465 0.0032 0.1479 om 
R, 0:21629 0.00000: 0.21519 R, 0.216294 0.00066 0.21613 fm 
R, 0.1721 + 0.0030 0.1723 R, 0.17214 0.0030 0.1722 
Age 0.0992 + 0.0016 0.1038 AY 0.09924 0.0016 0.1037 p 
Age 0.0707 +0.0035 0.0742 ‘| Age 0.0707 0.0035 0.0741 | 
A 
A, 0.923+0.020 0.935 jamm ie perae S 
A, 0.670 + 0.027 0.668 A\(SLD) 0.15134 0.0021 0.1479 | 
A(SLD) 0.1513+0.0021 0.1481 —a sino (Q) 0.2324: 0.0012 0.2314 pa 
sin*6°'(Q,,) 0.2324 +0.0012 0.2314 pamm my [GeV] g0.39840.025 80.382 mm 
m, [GeV] 170.9418 170.8 
My [GeV] 80.399 + 0.023 80.379 pmm ROS) TEO Ti? 
Tw [GeV] 2.098 + 0.048 2.092 p B >pu [x10°] <8.00 0.33 [N/A (upper tinti 
m, [GeV] 173.141.3 173.2 F Aa, [10°] 2.95+0.87 2.95 
Qn? 0.1134 0.009 0.113 
0 1 2 3 


Fig. 4.8 Compatibility of electroweak data with the SM [13] (left) and the CMSSM [48] (right). 
The left table compares most recent data, including 2009 results, while the right table is recent, but 
not updated with latest results. The level of agreement with electroweak data is however practically 
unchanged 
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A global data analysis in the constrained MSSM (CMSSM) was performed in 
[48], with the result shown in Fig. 4.8. Apart from a,, the SUSY-sensitive heavy 
flavour observables Br(b —> sy), Br(B, — jt), and the cold dark matter 
(CDM) density in the universe, Q,h?. 

The first two are rare b-decay processes that are induced by penguin loops in 
the Standard Model. They get enhanced by additional SUSY loop-contributions 
which are proportional to tan £ and tan® £ [45], respectively. The most recent mea- 
surements [49] are Br(b > sy) = (352 + 23 +9) x 1076, and Br(B, > 
yt) < 2.3 x 1078. The CMSSM analysis uses the experimental to theory ratio 
R(b —> sy) = Br(b > sy)/Brsy(b —> sy) in the fit. 

The dark matter density is measured from a scan of the cosmic microwave 
background (CMB) by WMAP [50]. A fit to the angular power spectrum of tem- 
perature and polarisation data, adding further information from small and large 
scale cosmic structures, yields a matter density of mh? = 0.128 + 0.008 and a 
baryonic density of Q,h? = 0.0223 + 0.007, so that the cold dark matter density 
is Qh? = Rmh? — Q,h? = 0.106 + 0.009. Assuming super-symmetry with R- 
parity conservation, i.e. with a Lightest Super-symmetric Particle (LSP) that can 
not decay, this particle contributes to the CDM density. The predicted value of 
Q.h* actually is proportional to the mass of the LSP and to the thermally aver- 
aged annihilation cross-section of the LSP to Standard Model particles. Theoreti- 
cal models (e.g. [51]) take details of the annihilation and co-annihilation processes 
into account in the determination of the temperature dependent abundances of dark 
matter. 

The CMSSM (or mSUGRA) analysis [48] assumes the soft SUS Y-breaking 
scalar masses to be universal at the GUT scale, with a value of Mo, as well as the soft 
SUSY-breaking gaugino masses, Mj/2, and the trilinear couplings, Ao. Furthermore, 
the ratio of the two vacuum expectation values of the Higgs doublets, tan £, and the 
sign of the Higgs mixing parameter u are varied. The parameters at the electroweak 
scale are derived from renormalisation group equations (RGE). As can be seen in 
Fig. 4.8, the CMSSM fit describes the observables used in the previous analysis 
as well as the Standard Model fit. The constraints from heavy flavour decays and 
the CDM density are also fulfilled and in agreement with the measured values of 
R(b —> sy), Br(Bs > ut”) and Q,h?. The main difference to the Standard 
Model analysis is the much better agreement with the observed value of a,,. In terms 
of x? the CMSSM fit reaches of 17.34 per 14 of freedom, which corresponds to a 
fit probability of 24%. The CMSSM is therefore removing parts of the discrepancy 
between theory and experiment, but can not explain all deviations, like the 2.7 o 
effect in AY. 

Another comparison of Standard Model and MSSM predictions [52] with data 
is shown in Fig. 4.9, where the theory is confronted with the current W and top 
mass measurements. As can be observed, the Standard Model is in agreement with 
these data if the Higgs boson mass is small and close to the LEP exclusion limit of 
My > 114.4 GeV [53]. On the other hand, SUSY is fitting well if the SUSY mass 
scale is not too light. 
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Fig. 4.9 Direct measurement of W and top mass, compared to Standard Model calculations with 
varying Higgs mass and to MSSM predictions with different SUSY mass scales [52] 
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The last missing particle to complete the Standard Model is the Higgs boson, which 
up to now has not been discovered yet. Theoretical arguments (see Chap. 1) indi- 
cate that its mass should be in the sub-TeV region. The currently most stringent 
search limits are from the LEP and Tevatron experiments. The final LEP result 
is shown in Fig. 4.10, from which a lower limit of My > 114.4 GeV at 95% 
C.L. [53] is derived. Very recent search results by CDF and DØ using up to 4.2 fb~! 
of pp data per experiment, shown as well in Fig. 4.10, furthermore exclude a 
Higgs mass between 160 and 170 GeV at 95% C.L. [54]. With the full data set 
of projected 2 x 10 fb~! until the end of 2011, a larger mass interval will be 
covered. 

However, as long as the Higgs boson or super-symmetric particles are not dis- 
covered, the analysis of current electroweak data can give hints about the possible 
mass range of these particles.! Figure 4.11 shows the sensitivity of some of the elec- 
troweak parameters to the Higgs mass in terms of the corresponding constraints on 
My, that can be derived. All data combined are used in the Standard Model analysis 
which yields the left A x? curve of Fig. 4.11. Theoretical uncertainties are indicated 
by the band, but they do not change the general behaviour of a clear minimum at 


1 A similar chain of events happened already in case of the top quark discovery [55]. 
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Fig. 4.10 (a) Confidence level ratio of the signaltbackground hypothesis, CLs, as observed and 
expected in LEP data as a function of My [53]. The lower limit on My is derived from the crossing 
point with the CL, = 0.95 line. The observed limit of 114.4 GeV is slightly lower than expected. 
The bands indicate the 65 and 95% probability regions of the expected limit in absense of any 
signal. (b) Observed and expected 95% C.L. upper limits on the ratio of the Standard Model cross- 
section of Higgs production, as a function of My for the combined, preliminary Tevatron data. The 
bands indicate the 65 and 95% probability regions of the expected limit in absense of any signal. 
The observed limit corresponds to an exclusion of a Higgs mass between 160 and 170 GeV at 95% 
C.L. [54] 
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Fig. 4.11 (a) Electroweak measurements and their individual constraints on the Higgs mass [12]. 


(b) The sensitivity of the SM and CMSSM Higgs boson h expressed in terms of Ax? of the 
combined fit to the electroweak data [48] 
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rather low My. Not taking into account the low-Q? data, the x? minimum is at a 
Higgs mass of 90738 GeV. Since the dependence of radiative corrections on My is 
logarithmic (see Eq. 1.50), the one-sided 95% confidence level upper limit is found 
at 163 GeV, increasing to 191 GeV when the lower direct Higgs mass bound is 
included [13]. 

In the CMSSM analysis [48] the mass of the lightest CP-even Higgs boson is even 
more constrained, because there is a theoretical upper bound of about 135 GeV. On 
the other hand, the minimal x? is at Mp = 1104$; (exp.) + 3 (theo.) GeV, and 
higher than the Standard Model Higgs mass. This is in much better agreement with 
the lower bounds on M, obtained by LEP for the lightest super-symmetric Higgs 
boson which are in the order of 90 GeV [56]. 

The CMSSM fit [48] gives further indications on preferred parameter values, 
which are best compatible with data: 


Mo = 8573 GeV 
My). = 280735" GeV 
Ao = —36077) GeV 
tan = 10t} GeV 
sign(u) = +1 (fixed) . 


With this parameter set, the super-symmetric particle mass spectrum consists 
of a light Higgs boson at M, ~ 100 GeV, charged and heavy Higgs bosons at 
Myz,My,M, =~ 450-500 GeV, and the lightest neutralino as LSP at Myo xX 
100-120 GeV. 

The prospects for the Large Hadron Collider to discover the Standard Model 
Higgs boson are therefore excellent, although challenging in the low My region, as 
will be discussed in the Chap. 7. If the electroweak and Higgs sector of the Standard 
Model is not realised in its current form and if super-symmetry is the extension 
nature has chosen, the LHC is as well the ideal machine to push the discovery fron- 
tier far beyond Tevatron and LEP. Assuming, for example, the CMSSM scenario 
and the above described parameter set, only 1 fb~! of pp data will be sufficient to 
see clear evidence for super-symmetric particle production [57]. 


References 


1. Tevatron Electroweak Working Group, Combination of CDF and DO Results on the W Boson 
Mass and Width, arXiv:0808.0147v1; Tevatron Electroweak Working Group, Updated Com- 
bination of CDF and DO Results for the Mass of the W Boson, arXiv:0908.1374v1. 111, 113 

2. The CDF Collaboration, T. Aaltonen, et al., Phys. Rev. Lett. 99 (2007) 151801; Phys. Rev. D 
77 112001. 112 

3. J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. Nadolsky and W. K. Tung, JHEP 0207 
(2002) 012, hep-ph/0201195; J. Pumplin, et al., Parton Distributions and the Strong Coupling 
Strength: CTEQ6AB PDFs, hep-ph/0512167. 112 


References 133 


4. 


14. 


A. D. Martin, W. J. Stirling, R. S. Thorne and G. Watt, Update of Parton Distributions at 
NNLO, arXiv:0706.0459v3. 112 


. The DØ Collaboration, V. Abazoy, et al., Phys. Rev. D66 012001 (2002); 


The DØ Collaboration, V. Abazov, et al., Measurement of the W Boson Mass, 
arXiv:0908.0766. 112 


. M. Jezabek and J. H. Kühn, Nucl. Phys. B 314 (1989) 1. 114 


The CDF Collaboration, CDF note 8104, 2006. 114 
The CDF Collaboration, CDF Conf. Note 9692; hep-ex/0812.4469v1. 114 
The DØ Collaboration, DØ note 5877-CONF, 2009. 114, 115 


. The CDF Collaboration, CDF Conf. Note 9694, 2009. 115 
. Tevatron Electroweak Working Group, for the CDF Collaboration, the DØ Collaboration, 


Combination of CDF and DO Results on the Mass of the Top Quark, arXiv:0903.2503v1. 
115, 116, 117 


. The CDF Collaboration, CDF note 9414, 2008. 116, 131 
. The ALEPH, DELPHI, L3, OPAL, SLC Collaborations, the LEP Electroweak Work- 


ing Group, the Tevatron Electroweak Working Group, and the SLD electroweak and 
heavy flavour groups, Precision Electroweak Measurements and Constraints on the 
Standard Model, CERN-PH-EP/2008-020; arXiv:0811.4682. Updates can be found at 
http://lepewwg.web.cern.ch/LEPEWWG/. 113, 117, 127, 128, 132 

T. van Ritbergen and R. G. Stuart, Nucl. Phys. B 564 (2000) 343; T. van Ritbergen and R. G. 
Stuart, Phys. Lett. B 437 (1998) 201; T. van Ritbergen and R. G. Stuart, Phys. Rev. Lett. 82 
(1999) 488. 118 


. The MuLan Collaboration, D. B. Chitwood et al., Phys. Rev. Lett. 99 (2007) 032001. 118 
. The FAST Collaboration, A. Barczyk et al., Phys.Lett. B 663 (2008) 172, arXiv:0707.3904, 


2007. 118 


. The Particle Data Group, C. Amsler, et al., Phys. Lett. B 667 (2008) 1. 118, 121, 122, 123, 126 
. C. S. Wood et al., Science 275 (1997) 1759; J. Guéna, M. Lintz and M. A. Bouchiat, 


physics/0412017. 118 


. J. S. M. Ginges and V. V. Flambaum, Phys. Rept. 397 (2004) 63. 119 
. P. L. Anthony, et al., Phys. Rev. Lett. 95 (2005) 081610. 119, 121 
. G. P. Zeller, et al., Phys. Rev. Lett 88 (2002) 091802; G. P. Zeller, et al., Phys. Rev. Lett 90 


(2003) 239902 (erratum). 120, 121 


. E. A. Paschos and L. Wolfenstein, Phys. Rev. D 7 (1973) 91. 120 
. K. McFarland and S. Moch, Conventional Physics Explanation for the NuTeV sin? Oy, 


hep-ph/0306052. 121 


. K. S. McFarland and C. Moch, Conventional Physics Explanations for the NuTeV sin? 0 


hep-ph/0306052; D. Mason, et al., Phys. Rev. Lett. 99 (2007) 192001. 121 


. A. Akhundov, Applicability of the Formulae of Bardin and Dokuchaeva for the Radiative 


Corrections Analysis in the NuTeV Experiment, arXiv:0807.2673. 121 


. A. D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne, Eur. Phys. J. C 39 (2005) 155. 122 
. S. R. Mishra, R. Petti and C. Rosenfeld, A High Resolution Neutrino Experiment in a Magnetic 


Field for Project-X at Fermilab, arXiv:0812.4527v1. 122 


. The OPAL Collaboration, G. Abbiendi, et al., Eur. Phys. J. C 45 (2006) 1. 122 
. The L3 Collaboration, P. Achard, et al., Phys. Lett. B 623 (2005) 26; The L3 Collaboration, 


M. Acciarri, et al., Phys. Lett. B 476 (2000) 40. 122 


. S. Mele, Measurements of the Running of the Electromagnetic Coupling at LEP, 


arXiv:hep-ex/0610037v1. 122, 123 


. J. F. de Troconiz and F. J. Yndurain, Phys. Rev. D 71 (2005) 073008. 122, 123 
. H. Burkhardt and B. Pietrzyk, Phys. Rev. D 72 (2005) 057501. 122, 123 
. The Muon g — 2 Collaboration, H. N. Brown, et al., Phys. Rev. Lett. 86 (2001) 2227 ; The 


Muon g—2 Collaboration, G. W. Bennett, et al., Phys. Rev. Lett. 89 (2002) 101804; The Muon 
g — 2 Collaboration, G. W. Bennett, et al., Phys. Rev. Lett. 92 (2004) 161802. 124 


. Reviews of the g — 2 of the muon: J. P. Miller, E. de Rafael and B. Lee Roberts, 


hep-ph/0703049; F. Jegerlehner, The Anomalous Magnetic Moment of the Muon, Springer 
Tracts in Modern Physics, Vol 226, Springer, Berlin, Heidelberg, 2007. 124, 125, 126, 127 


134 4 Electroweak Measurements and Model Analysis of Electroweak Data 


35. J. Bailey et al., Nucl. Phys. B 150 (1979) 1. 124 

36. W. Liu et al., Phys. Rev. Lett. 82 (1999) 711; 
K. Hagiwara et al., Phys. Rev. D 66 (2002) 010001. 125 

37. J. Schwinger, Phys. Rev. 73 (1948) 416L, and Phys. Rev. 76 (1949) 790. 126 

38. T. Kinoshita and M. Nio, Phys. Rev. D 73 (2006) 053007. 126 

39. M. Davier, Nucl. Phys. Proc. Suppl. 169 (2007) 288. 126 

40. E. De Rafael, Nucl. Phys. B 186 (2009) 211; arXiv:0809.3085v1. 126 

41. K. Melnikov and A. Vainshtein, Phys. Rev. D 70 (2004) 113006; 
J. Erler and G. Toledo Sanchez, Phys. Rev. Lett. 97 (2006) 161801. 126 

42. S.J. Brodsky and J. D. Sullivan, Phys. Rev. D 156 (1967) 1644; T. Burnett and M. J. Levine, 
Phys. Lett. B 24 (1967) 467; R. Jackiw and S. Weinberg, Phys. Rev. D 5 (1972) 2473; I. Bars 
and M. Yoshimura, Phys. Rev. D 6 (1972) 374; K. Fujikawa, B.W. Lee and A. I. Sanda, Phys. 
Rev. D 6 (1972) 2923; G. Altarelli, N. Cabibbo and L. Maiani, Phys. Lett. B 40 (1972) 415; 
W. A. Bardeen, R. Gastmans and B. E. Laurup, Nucl. Phys. B 46 (1972) 315; T. V. Kukhto 
et al., Nucl. Phys. B 371 (1992) 567; S. Peris, M. Perrottet and E. de Rafael, Phys. Lett. B 355 
(1995) 523; A. Czarnecki, B. Krause and W. J. Marciano, Phys. Rev. D 52 (1995) 2619; A. 
Czarnecki, B. Krause and W. J. Marciano, Phys. Rev. Lett. 76 (1996) 3267; G. Degrassi and 
G. Giudice, Phys. Rev. D 58 (1998) 053007. 126, 127 

43. M. Davier, et al., The Discrepancy Between tau and e+e- Spectral Functions Revisited and the 
Consequences for the Muon Magnetic Anomaly, CERN-OPEN-2009-007, arXiv:0906.5443. 127 

44. B. A. Shwartz, Electroweak Physics at Low Energy, Presentation at Lepton-Photon Confer- 
ence, Hamburg, 2009; proceedings to be published. 127 

45. D. Stockinger, J. Phys. G 34 (2007) R45, hep-ph/0609168; D. Stockinger, (g — 2), and Super- 
symmetry: Status and Prospects, arXiv:0710.2429v1. 127, 128, 129 

46. G. Montagna, et al., Nucl. Phys. B 401 (1993) 3; G. Montagna, et al., Comp. Phys. Comm. 
76 (1993) 328; G. Montagna, et al., Comp. Phys. Comm. 93 (1996) 120; G. Montagna, et al., 
Comp. Phys. Comm. 117 (1999) 278. 127 

47. D. Y. Bardin, et al., Z. Phys. C 44 (1989) 493; D. Y. Bardin et al., Comp. Phys. Comm. 
59 (1990) 303; D. Y. Bardin, et al., Nucl. Phys. B 351 (1991) 1; D. Y. Bardin, et al., Phys. 
Lett. B 255 (1991) 290; D. Y. Bardin, et al., hep-ph/9412201; D. Y. Bardin, et al., Comp. 
Phys. Comm. 133 (2001) 229; Two Fermion Working Group Collaboration, M. Kobel et al., 
hep-ph/0007180; A. B. Arbuzoy, et al., hep-ph/0507146. 127 

48. O. Buchmüller, et al., Prediction for the Lightest Higgs Boson Mass in the CMSSM using 
Indirect Experimental Constraints, arXiv:0707.3447; O. Buchmiller, et al., Likelihood Func- 
tions for Supersymmetric Observables in Frequentist Analyses of the CMSSM and NUHM1, 
arXiv:0907.5568. 128, 129, 131, 132 

49. The Heavy Flavour Averaging Group, E. Barberio, et al., Averages of b-Hadron and c-Hadron 
Properties at the End of 2007, arXiv:0808.1297. 129 

50. The WMAP Collaboration, D. N. Spergel et al., Wilkinson Microwave Anisotropy Probe 
(WMAP) Three Year Results: Implications for Cosmology, astro-ph/0603449. 129 

51. G. Bélanger, F. Boudjema, A. Pukhov and A. Semenov, Dark Matter Direct Detection Rate in 
a Generic Model with micrOMEGAs 2.2, arXiv:0803.2360. 129 

52. S. Heinemeyer, W. Hollik, D. Stockinger, A. M. Weber and G. Weiglein, JHEP 0608 (2006) 
052, hep-ph/0611371; S. Heinemeyer, W. Hollik and G. Weiglein, Phys. Rept. 425 (2006) 265, 
hep-ph/0412214; updated for 2009 data. 129, 130 

53. The ALEPH, DELPHI, L3, OPAL Collaborations and the LEP Higgs Working Group, Phys. 
Lett. B 565 (2003) 61. 129, 130, 131 

54. The TEVNPH Working Group, Combined CDF and DØ Upper Limits on Standard 
Model Higgs-Boson Production with up to 4.2 fb™! of Data, FERMILAB-PUB-09-060-E, 
arXiv:0903.4001v1. 130, 131 

55. The ALEPH, DELPHI, L3, OPAL, SLD Collaborations, the LEP Electroweak Working Group, 
the SLD Electroweak and Heavy Flavour Groups, Phys. Rep. 427 (2006) 257. 130 


References 135 


56. The ALEPH, DELPHI, L3, OPAL Collaborations and the LEP Higgs Working Group, Eur. 
Phys. J. C 47 (2006) 547. 132 

57. The ATLAS Collaboration, G. Aad, et al., Expected Performance of the ATLAS Experiment 
Detector, Trigger, Physics, CERN-OPEN-2008-020, arXiv:0901.0512. 132 


Chapter 5 
The ATLAS and CMS Experiments at the LHC 


The ATLAS [1] and CMS [2] experiments are the two general purpose detectors at 
the LHC [3]. They will measure the decay products of proton-proton collisions at up 
to 14 TeV. Two more detectors are installed in the LHC ring: LHCb [4] is specialised 
on physics with b and c quarks and ALICE [5] is dedicated to the measurement of 
heavy ion collisions. 

The LHCb experiment will measure CP violation and rare decays of b and c 
hadrons in order to find indirect evidence for new physics beyond the Standard 
Model. Todays measurements in heavy flavour physics from B factories and the 
Tevatron [6, 7] are fully consistent with the CKM mechanism. Nevertheless, LHCb 
is probing CP violation and decays of Bz, Bs and D mesons in greater detail to 
possibly find new sources of CP violation or effects of new, e.g. super-symmetric, 
particles. At luminosities of 2 — 5 x 10°? cm~*s~! which LHC will deliver to the 
LHCb experiment, several 10!” bb pairs will be produced per year. The LHCb detec- 
tor is built asymmetrically around the interaction point, since b and b quarks can 
be measured equally well in both hemispheres. LHCb physics will cover a precise 
measurement of B, oscillations especially of the mixing phase ¢,, the determination 
of y = —argV,» by studying hadronic B meson decays, measurements of rare 
decays like B? > K Ay B; > ut, B, > py, and more. The LHCb detector 
is optimised for secondary vertex location, excellent mass resolution and particle 
identification to further improve the precision of CP physics with quarks. 

The physics program of ALICE is dedicated to the study of QCD in extreme 
conditions. Collisions of heavy nuclei like Pb—Pb at ./s = 5.5 TeV allow the 
measurement of strongly interacting matter at very high energy densities in the 
regime € ~ 1 — 100 GeV fm™°. At such energy densities a new state of matter, 
the quark-gluon plasma (QGP) [9], consisting of deconfined quarks and gluons is 
expected to occur [10]. This was first discovered at the CERN SPS [11] and further 
studied at RHIC [12]. Also in ALICE the QGP state will be formed for only an 
extremely short time in each heavy ion collision, so that the measurement of the 
details of the QGP will be performed by determining charged particle multiplicities, 
particle momentum spectra and (elliptic) flow, production (respectively suppression) 
of heavy quarkonia like J/ọy and Y mesons, c- and b-quark production, as well 
as production of high-pr jets and photons [13, 14]. All these serve as a probe to 
learn more about the formation and freeze-out mechanisms of the QGP. The LHC is 
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planned to operate in heavy-ion mode during a few weeks per year delivering about 
0.5 nb™! of data to ALICE each year. 

The following chapters will introduce the LHC collider and concentrate in more 
detail on the experimental techniques of ATLAS and CMS with focus on pp colli- 
sion physics. 


5.1 The Large Hadron Collider 


The LHC [3] is installed in the LEP tunnel and accelerates bunches of protons in a 
ring of 26.6 km circumference from the injection energy of 450 GeV to the nominal 
beam energy of 7 TeV. Figure 5.1 shows the LHC underground installation. The 
protons are produced in a duoplasmatron device and accelerated in a linear accel- 
erator (Linac2) to 50 MeV at a pulsed current of 180mA. From there, the beam 
is injected into four Proton Synchrotron Booster (PSB) rings, ramped to 1.4 GeV, 
and transferred to the Proton Synchrotron (PS) where the beam energy reaches 
25 GeV. In the PSB and PS the LHC bunch structure is prepared. The base struc- 
ture is a sequence of 72 bunches with 25 ns spacing. Each proton bunch contains 
8.28 x 10!? protons, when the LHC is operated at nominal luminosity. The rise-time 
of the beam ejection kicker magnet creates a gap of (320 ~ 13 x 25) ns after each 
72 bunches. 


Fig. 5.1 The LHC underground installation. The ATLAS and CMS experiments are installed at 
opposite sites of the main ring at access points 1 and 5. ALICE and LHCb are close to the ATLAS 
site at point 2 and 8, respectively. The protons are injected from the SPS into the LHC via beam 
transfer lines. Eventually, the protons are stopped at the end of the beam lifetime into a beam dump 
system at point 6 
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The last element is the Super Proton Synchrotron (SPS) where the beam energy 
is increased from 25 to 450 GeV, the LHC injection energy. Additional time gaps 
are introduced into the final bunch structure by the rise-time of the SPS and LHC 
injection kickers, which is shown in Fig. 5.2. In total, 2808 bunches each containing 
1.15 x 10" protons are circulating in both directions of the LHC ring, where they 
are accelerated to their final energy of 7 TeV. The beam current is 0.58 A and the 
expected filling time is about 3 min. At the highest intensities, an energy of 362 MJ 
is stored in each beam. 

The LHC machine is divided into eight 3 km long arc sections and eight straight 
sections, each 523 m long. One arc is composed of 23 identical FODO cells, with 
the typical focusing and defocusing magnetic multipole structure. Each cell is 107 m 
long with 3 dipoles and 1 quadrupole per half-cell. The superconducting dipoles pro- 
vide the magnetic bending field which varies from 0.54 T at beam injection to 8.35 T 
when the protons reach 7 TeV. Inside the dipoles, the two proton beams circulate in 
two beam pipes separated by 197 mm, as displayed in Fig. 5.3. The straight sections 
are equipped with dispersion suppressors to match and adapt the beam optics in the 
straight sections, also called insertion regions (IR), to the arc. The beams are injected 
in IR8 and the RF structures are installed in IR4. They accelerate the protons using a 
400 MHz superconducting cavity system. The frequency matches the bunch length, 
which varies between 1.7 and 1.1 ns at 450 GeV and 7 TeV, respectively, to capture 
the beam with minimal losses. Eight cavities with 5.5 MV/m field strength provide 
in total 16 MV accelerating voltage per beam. A photograph of one cavity is shown 
in Fig. 5.3. 

In two other insertions the beams are cleaned: particles with large momentum 
offset are absorbed by collimators in IR3, while particles with large horizontal, 


Bunch Disposition in the LHC, SPS and PS 
LHC (1-Ring) = 88.924 us 
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Beam Gaps 
A T, = 12 missing bunches (72 bunches on h=84) 
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Fig. 5.2 Time structure of the LHC proton bunches. In total, 2,808 bunches are injected per proton 
beam [3] 
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Fig. 5.3 (a) Cross-section through a LHC dipole magnet inside its vacuum vessel with the two 
beam pipes, the cold screen and the superconducting coils [3]. (b) One of the four superconducting 
cavities that are combined in each of the two RF modules which supply the 400 MHz RF power to 
the proton beam 


vertical, or combined betatron amplitudes are filtered out in IR7. The beam abort 
system with the beam dump is installed in IR6. 

To focus the beam at the interaction points (IP), a triplet of 31 m long quadrupole 
magnets is installed on each side of the IP. Beam separation and recombination is 
performed by two pairs of dipoles separated by 88 m. A set of four more quadrupoles 
provides the matching of the beam optics in the IP region to the remaining ring. 

There are 1,232 main dipole magnets installed, together with several hundred 
quadrupoles for focusing and defocusing of the beam, completed by many thousand 
sextupoles, octupoles and decapoles for orbit correction. Each multipole creates 
betatron oscillations in the vertical and horizontal plane. In the LHC, the number 
of oscillations per turn, also called horizontal and vertical tune, are carefully chosen 
to be Qan = 64.31 and Q, = 59.32, respectively. This is to avoid the resonance 
condition 


mQ,+nQ, = p (m,n, p = integer numbers) (5.1) 


which leads to beam instabilities and eventually beam loss. 
The machine luminosity depends on the beam parameters and can be written for 
a Gaussian beam distribution as 


L= Npnotrevtr p (5 2) 
Are, B* i l 


where N; is the number of protons per bunch, n, the number of bunches per beam, 
frev the revolution frequency, y, the relativistic gamma factor, ¢, the normalised 
transverse beam emittance, 6* the beta function at the IP. The factor F is the 
geometrical luminosity factor due to the beam crossing angle 6,: 
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2: 

0.6; 

F=1/ 1+( ) ; (5.3) 
20* 


where o; is the RMS bunch length and o* the transverse RMS beam size at the IP. 
The normalised transverse emittance is related to 0* by 


(o*y 
En = VrE = Yr B > (3.4) 
so that the luminosity may also be written in a more classical way 
N? rev 
= Np Mo frev (5.5) 
4n(o*)? 


inversely proportional to the transverse beam area. 

Table 5.1 summarises the parameters which need to be reached to achieve the 
peak luminosity of 1.0 x 10% cm7*s~! at 14 TeV centre-of-mass energy. With a 
luminosity lifetime of 15.5 h, an integrated luminosity of about 60-80 fb~! per year 
can be expected for the final LHC performance. 

There are several effects that limit the LHC luminosity. The mechanical aperture 
of the beam pipe is about 34.6 mm x 44 mm, and the transverse beam size is 1.2 mm, 
applying a 100 safety distance of the beam profile to the wall. With a maximum 
value of the £ function of 180m, the normalised transverse emittance is 3.75 um. 
The minimal 6* at the IP and maximum crossing angle is limited by the aperture of 
the quadrupole triplets. 

In the interaction region, beam—beam interaction induces a so-called tune shift 
of: 


= Nor p 


E 


= 5.6 
At En 9) 


Table 5.1 LHC beam parameters for 7 TeV beams at peak luminosity at the interaction points of 
the ATLAS and CMS experiments [3] 


Number of protons per bunch Np 1.15-10!! 
Number of bunches np 2,808 
Revolution frequency fr 11.245 kHz 
Relativistic factor Vr 7461 
Normalised transverse emittance = &, 3.75 um rad 
Optical beta function at IP B* 0.55 

Full crossing angle at IP 0e 285 urad 
RMS bunch length om 7.55 cm 
RMS transverse bunch size o* 16.7 ym 
Crossing angle factor F 0.836 
Luminosity per bunch L/bunch 3.56 x 10%? cm~?s7! 


Instantaneous luminosity L 1.0 x 10°4 cm~?s7! 
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where r, is the classical proton radius r, = Qggp/m,. From experience with 
proton-proton machines, the total linear tune shift must stay below 0.015 for stable 
running. For 3 IP’s, this corresponds to € < 0.005, or, with €, = 3.75 um, to a 
maximum number of protons per bunch of N, = 1.5 x 10!!. This is close to the 
nominal value of N, = 1.15 x 10!!. 

One important factor is the electron cloud effect. It is induced by synchrotron 
radiation which creates a 6.7 keV energy loss of the 7 TeV proton beam per turn. 
The UV photons hit electrons off the beam pipe wall. These electrons are accelerated 
in the field of the proton beam and can initiate secondary electron emission, which 
eventually builds up an electron cloud. This cloud leads to beam instabilities, growth 
of the emittance and increases the heat load in the cold beam screen. This screen is 
kept a temperature 5—20 K and shields the 1.9K cold core of the superconducting 
magnets from quenches. The cooling capacity of the screen is 1.15 W/m, where the 
average arc heat load is already 0.66 W/m, e.g., due to synchrotron radiation and 
resistance of the wall. The remaining 0.5 W/m are attributed to the electron cloud 
heat load. The heat load is increasing also with shorter bunch spacing. For a future 
LHC upgrade, higher luminosity can therefore not be reached by simply increasing 
the number of bunches. In nominal LHC running, the electron cloud is suppressed 
by reducing the photon reflectivity in the arcs, and by special getter material, TiZrV, 
in certain sections to reduce secondary emissions. Also, the conditioning of the arc 
chambers by so-called “beam scrubbing’, i.e. cleaning of the walls using the elec- 
tron cloud effect itself, helps to reduce the disturbances due to scattered electrons 
during LHC operation. 

At the start-up in 2009, LHC will not yet be operated at the full energy, but only 
at a centre-of-mass energy of initially 7 TeV, to be further increased to 10 TeV. The 
dipoles are expected to be commissioned to the full energy in 2011/2012. Initially, 
not all bunches will be filled and a 43-on-43 or a 156-on-156 bunch scenario is 
foreseen. The 8* in the pilot run will be in the range 3 — 11 m, the number of protons 
per bunch may reach 5x 10!°, and no beam crossing-angle is foreseen. Instantaneous 
luminosities in the order of 10°! — 10°? cm~?s~! can be expected in the first run 
period, and during 100 days of running an integrated luminosity of 100 pb~! may 
be collected, followed by a period of another 100 days with twice the luminosity. 
In the following three years, a low luminosity period with L = 10% cm7*s~! is 
foreseen, corresponding to 1.0-2.5 fb™! of data in 2011/2012 assuming 150 days 
of physics running. Initially, there will be 936 bunches per beam with with 75 ns 
spacing and a 250 prad crossing angle. Eventually, the nominal number of bunches 
is increased to 2,808 with 25 ns spacing and nominal 285 prad crossing-angle. The 
number of protons per bunch will stay in the order of 5 x 10!°. 

After the full implementation of the collimators and the final completion beam 
dump system in 2013/2014, the beam intensities can be pushed to 9 x 10!° protons 
per bunch and the 6* will be squeezed to 0.55 m. With these parameters, the design 
luminosity of L = 10*4 cm~*s~! is expected to be reached and the LHC will be 
operated in this mode until 2017/2018 with up to 80— 100 fb~! of data per year. 

From the above discussion one can see that possible ways to further upgrade 
the LHC machine to higher luminosity are, for example, a modified triplet magnet 
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with larger aperture and smaller 6* = 0.25 um and/or longer proton bunches with 
larger bunch spacing. This luminosity upgrade, with a possible increase of the beam 
energy, is foreseen for a shutdown period in 2018/2019. In the most complete sce- 
nario, this requires a replacement of the complete injection chain to attain higher 
proton energies and better beam brilliance N;/e* at the interaction points. 

The actual proton—proton interaction rate seen by the CMS and ATLAS detectors 
in the interaction regions is proportional to the luminosity and given by 


dN 
ae = Lopp $ (5.7) 


where the main contribution to the proton-proton cross-section, Opp, is from inelas- 
tic scattering, Gine. It amounts to about 80 mb, or 80 x 10-78 cm?. This means at 
the peak luminosity of 10°4 cm~?s~!, the number of events per bunch crossing, Ne, 
is about 


L Oinel 
N.=— = 25.6. (5.8) 
Np Srev 


On top of each hard pp scattering event, for example the production of a Z boson 
in a Drell-Yann process, 25 inelastic pp events are overlaid. This phenomenon of 
in-time pile-up, the high collision frequency and very good resolution for optimal 
signal identification and background rejection drives the performance requirements 
of the ATLAS and CMS detectors. 


5.2 The ATLAS and CMS Experiments 


The layout of the ATLAS and CMS experiments follows the well-known concepts 
of particle collider detectors with tracking systems for charged particles close to 
the interaction point, electromagnetic and hadronic calorimeters at larger distances, 
completed by muon detectors in the outermost layer. A schematic view of ATLAS 
and CMS is shown in Figs. 5.4 and 5.5. Both detectors provide maximal hermeticity 
in their angular coverage. The general design is furthermore motivated by the chal- 
lenging physics tasks of experiments at the LHC. The proton-proton beam crossing 
rate is at 40 MHz, each crossing with up to 25 inelastic pp collisions. This results in 
a high density of charged particle tracks, calorimetric energy deposits and signals in 
the muon detectors. For example, the flux of charged particles at a radius r = 10 cm 
around the beam axis is about 10 MHz/cm?. Apart from providing a good energy 
and momentum resolution for leptons, jets and global energy flow, the detection 
systems must in addition be of high granularity and must sustain high radiation 
levels. They should also have a fast signal response time and be equipped with a fast 
electronic readout to filter out the interesting physics processes using a multi-layer 
trigger system. 
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Fig. 5.4 Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in height 
and 44 m in length 
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Fig. 5.5 Schematic view of the CMS detector showing the compact design of the different particle 
detection systems 
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5.2.1 The ATLAS Detector and Performance 


The ATLAS detector [1, 8] is located at IP 1 of the LHC ring. Closest to the collision 
point is the inner detector for tracking of charged particles, which is installed in a 
cylindrical superconducting solenoid of 5.5m length and 1.15 m radius. The parti- 
cles are bent in a 2 T magnetic field and detected by three separate tracking devices. 

The silicon pixel detector is composed of three barrel layers at radii between 
50.5 and 122.5 mm and three endcap disks at 495-650 mm distance to the nominal 
interaction vertex. The size of the 47,232 pixels is 50 x 400 um? and the intrinsic 
spacial resolution is 10j1m and 115um in r — ¢ and z/r direction, respectively. 
The subsequent tracking is done by the silicon tracker (SCT) which has 4 cylin- 
drical silicon microstrip layers in the barrel section and 2 x 9 microstrip disks in 
the endcaps. The outermost silicon layer is at 514mm radius and the most distant 
disk at |z| = 2,727 mm. With a strip width of 80 um in the barrel and 57—94 ym 
in the endcap, a spacial resolution of 17 and 580 um in r — ¢ and z/r direction 
can be achieved. The combined angular coverage of the pixel and SCT reaches to 
|n| < 2.5. Further details of the geometrical layout are shown in Fig. 5.6 

The inner detector is completed by a transition radiation tracer (TRT) which uses 
straw tubes filled with a Xe/CO2/Oz gas mixture as active medium. The tubes have 
a 4mm diameter and a length of 144cm in the barrel and 37 cm in the endcap. 
They provide additional 20-35 space points along the particle tracks in the fiducial 
volume |7| < 2.0. The combined momentum resolution for single charged tracks in 
the inner detector, using pixel, SCT and TRT, is 


ID end-plate %12 


JL m20 


El ratibarrel | (TI 11] | (Ritsadteap)| | | | | T Cryostat 


a Ine2.5 


s g ee HR iis Pixel PP1 
Se 5 maaie 
sea = 


T 
400.5 | 580} 1749 29 1771.4 2115.2 2505 2720.2 
495 


9.9 | 
1399.7 


94 i a 
650! 853.8 1091.5 z(mm) 
feetr” ap Se ch eee te et ge ay p 71 Envelopes 
I Pi 4 i 
i Pi pa ! Pixel 45.5<R<242mm 
i Pa ac j Ixe 1Z1<3092mm 
1 Pi ae a 
1 a a ae: 255<R<549mm, 
i Pix et oo ao 1 | SCT barrel IZi<805mm 
! a aoe ~R149.6 | 
1 = s 
1 R122.5 a -iii ae 1 i | ——-—| |scT end-cap Zaneom 
i : — A i 
i R88.5 z L = ae =e — _— R88.8 i 810<lZ}<2797Mm 
1 m piaia ee 1 554<R<1082mm 
R50.5 = = 
Ze ——— 1 TRT barrel 1z1<780mm 
! g l 617<R<1106mm 
i 0 400.5 495 580 650 1 | TRT end-cap 827<IZ1<2744mm 


We ee a ee ee See ee ae ee ee 


Fig. 5.6 Geometrical layout in the r — z plane of one quarter of the ATLAS inner detector with the 
pixel, SCT and TRT sub-detectors [1] 
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en = y (5 - 10-4 pr)? + 0.012 (5.9) 
T 


in the fiducial volume |n| < 2.5. 

The TRT is furthermore used to separate electrons and pions. Photon radiation 
is produced at the transition from the straw tube plastic and the gas, an effect that 
depends on the relativistic y of the particle, which, for the same energy, is about 280 
times larger for electrons than for pions. The photons created by traversing electrons 
are in the X-ray energy range and produce additional high threshold signals in the 
straw tube detectors. The high threshold probability is used as a discriminant against 
pions. For particles of 25 GeV, a 2~* rejection factor between 10 and 100 at an 
electron efficiency of 90% is obtained. 

A serious challenge for the measurement of electromagnetic particles is the num- 
ber of interaction lengths in the silicon tracker in front of the calorimeter. About 
20-60% of the high-energy photons undergo conversion into an ete~ pair, while 
electrons loose between 30 and 60% of their energy due to bremsstrahlung. This is 
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Fig. 5.7 (a) Track reconstruction efficiency in the inner detector for 5 GeV electrons, pions and 
muons [1]. The lower tracking efficiency for electrons and pions is due to bremsstrahlung effects 
when traversing the material of the inner detector and the beam pipe. It is increasing with n. Mini- 
mum ionising muons are less affected. (b) Efficiency to reconstruct photon conversions of photons 
with pr = 20 GeV in the central |ņ| < 2.1 detector region, as a function of the conversion 
radius [1]. The overall efficiency is a combination of double and single track conversions 
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compensated by taking the two effects into account during reconstruction. Figure 5.7 
gives examples for the track reconstruction efficiencies for electrons and pions 
which are affected by bremsstrahlung as compared to muons which are minimum 
ionising. Also shown is the high 80% efficiency to reconstruct photon conversions. 
The precision of the position of the conversion vertex is about 5-7 mm in radial 
direction. 

Vertexing precision is as well important in the identification of primary and sec- 
ondary vertices. The primary vertex is reconstructed in H — yy events with 96% 
efficiency and the correct vertex is selected with 79% probability, both evaluated 
for a luminosity of L = 10% cm~*s~!. Vertex reconstruction efficiency and cor- 
rect vertex assignment are both close to 100% for tt events where additional tracks 
are produced in the hard scattering process. The primary vertex resolution is about 
20-35 um in the plane transverse to the beam and 40-70 um in longitudinal direc- 
tion. The secondary vertex reconstruction efficiency depends even stronger on the 
event topology. For tt events it is typically higher than 60%. 

The energy measurement of electrons and photons is performed in the electro- 
magnetic calorimeter that consists of a Liquid Argon barrel and endcap calorimeter 
in the pseudo-rapidity ranges |n| < 1.475 and 1.375 < |n| < 3.2, respectively. 
The calorimeter is a LAr-lead sampling calorimeter with accordion-shaped kapton 
electrodes and lead absorbers. The accordion structure is chosen in order to achieve 
a homogeneous energy response in ġ without detection gaps. The ATLAS calori- 
metric devices, including the LAr calorimeters, are shown in Fig. 5.8. 


LAr hadronic 
end-cap (HEC) 


LAr electromagnetic 
end-cap (EMEC) 


Fig. 5.8 The ATLAS Liquid Argon calorimeters consist of the electromagnetic barrel and endcap 
calorimeters, a hadronic endcap and a forward calorimeter. They are installed in metal cryostats 
onto which the front-end electronics is mounted. The ATLAS calorimetry is completed by a 
hadronic Tile calorimeter in the barrel and forward region 
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The two halves of the LAr barrel are installed in the same cryostat as the solenoid 
magnet and are separated by a small 4mm gap. The barrel electrodes are segmented 
in radial direction in three compartments each having different signal cell sizes. The 
innermost layer is composed of strips covering An x Ad segments of 0.025/8 x 0.1 
in the centre, |n] < 1.40, becoming more course, 0.025 x 0.025, in the 1.40 < |n| < 
1.475 region. The second layer covers 0.025 x 0.025 and 0.075 x 0.025 segments 
in the two angular regions, while the third layer has a granularity of 0.050 x 0.025. 
The strip layer is meant to sample the beginning of the electromagnetic shower with 
high resolution to be able to resolve adjacent showers, for example from 2° —> 
yy decays, converted photons or bremsstrahlung photons close to electron clusters. 
The middle layer is generally containing the peak of the electromagnetic energy 
deposition along a photon or electron shower, while the back layer is measuring the 
shower tail. An example of the LAr cells in the central barrel section is given in 
Fig. 5.9. 

The An x Ad segmentation of the endcap calorimeter is similar to the barrel, with 
cell sizes between 0.025/8 x 0.1 to 0.1 x 0.1 in the first layer, between 0.025 x 0.025 
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Fig. 5.9 Segmentation in An x Ad and radial depth of the LAr calorimeter cells in the barrel. Also 
indicated is the size of the calorimeter trigger towers which combine larger angular areas [1] 
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to 0.1 x 0.1 in the second layer, both varying with n, and eventually 0.050 x 0.050 
in the back layer. The LAr calorimeter has in total about 180 thousand cells that are 
read out. 

The barrel calorimeter has a depth of at least 22 radiation lengths, Xo, increasing 
to maximal 36 Xo, while the endcap provides between 24 Xo and 38 Xo of absorbing 
material. Since showering of electromagnetic particles usually starts already in the 
upstream material of the inner detector, a presampler is installed in front of the 
barrel calorimeter and in parts of the endcap. The energy deposition of photons and 
electrons in the 11 mm LAr gap in the barrel and the two 2 mm gaps in the endcap 
are proportional to their upstream energy loss. In this way the complete longitudinal 
shower development can be reconstructed. 

Using the energy measurements in the presampler, Eps, in the strip, middle and 
back compartments, Estrip, Emiddie, Eback, the electromagnetic cluster energy can 
be reconstructed as a weighted sum: 


E= s(n) (c(n) F wo(n)Eps + E strips + E miadie a w3(7)E pack) : (5.10) 


The overall scale factor s, the offset, c, and the weights, wo and w3, are determined 
in the calibration procedure and are ņn dependent. The weight wọ applied to the 
presampler measurement is in the order of 20 and 60 for the barrel and endcap, 
respectively. This compensates the energy loss in front, while the weight w3 takes 
the leakage of the shower at the back of the calorimeter into account. The obtained 
energy resolution for electrons and photons is shown in Fig. 5.10. It follows a param- 


eterisation 
a\2 ae 
(2) =(=) +c, (5.11) 


with a stochastic term S, and a constant term C. In the most central 7 region the 
values are S = 10.0%, and C = 0.7%. The latter is mainly determined by the 
long-range uniformity of the calorimeter and by the calibration at cell level. It also 
assumes perfect knowledge of the material distribution in front of the calorimeter. 

The calorimetry of ATLAS is completed by a hadronic tile calorimeter in the 
barrel and extended barrel regions at |n| < 1.0 and 0.8 < |n| < 1.7, respectively. 
The calorimeter is built of steel as absorber and scintillating tiles are the active 
material. The inner and outer radius are 2.28 and 4.25m. At 7 = 0, the detector 
thickness corresponds to 7.4 hadronic interaction lengths, A. The tile calorimeter is 
radially segmented in four layers and the cell sizes in n and ¢ direction are 0.1 x 0.1. 
The combined LAr and tile calorimeter performance for pions was determined in 
test beam measurements. For a calorimeter slice that corresponds to the region at 
n = 0.25 a pion energy resolution with a stochastic term of 52% and a constant 
term of 3% was found, following equation 5.11. 

In the forward region, a LAr hadronic endcap calorimeter (HEC) at 1.5 < |n| < 
3.2 is built of 25 and 50mm thick copper plates interleaved with LAr gaps. The 
granularity of the calorimeter is 0.1 x 0.1 for |ņ| < 2.5 and twice as large in 
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Fig. 5.10 (a) Expected energy resolution for electrons in different ņn ranges as a function of 
energy [1]. (b) Relative energy resolution for 100 GeV electrons as a function of 7. The resolution 
is rather uniform except in the transition region between barrel and endcap [1] 
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the remaining ņ range. The LAr forward calorimeter (FCAL) further extends the 
angular coverage to 3.1 < |n| < 4.9. It consists of three modules with in total 10 à 
depth. The one closest to the IP is intended for electromagnetic measurements and 
made of copper, while the other two are made of tungsten and measure hadronic 
particles. The FCAL energy resolution for electrons follows the functional form 
of Eq. 5.11 with S = (28.5 + 1.0)% and C = (3.5 + 0.1)%, which is obtained 
in testbeam measurements. The pion energy resolution is about a factor 2—3 worse, 
depending on the sophistication of the reconstruction algorithm. The stochastic term 
of the global jet energy resolution is therefore expected to be 50% for |n| < 3.2 and 
100% for 3.1 < |n| < 4.9, while the constant energy resolution term is 3 and 10%, 
respectively. 

Jets are reconstructed from calorimeter towers with An x Ad = 0.1 x0.1 cell size 
or from so-call topological clusters. The latter are reconstructed from combined high 
resolution calorimeter cells and noise is already subtracted. The basic jet clustering 
algorithms are the seeded iterative cone [15] and the kr algorithm [16]. The former 
combines the input objects in angular cones of a fixed sizes AR = y An? + A@?, 
with AR = 0.4 and 0.7 for narrow and wide jets with a seed energy of Er = 1 GeV. 
It is the most widely used algorithm in ATLAS, but it is neither infrared nor collinear 
safe and may lead to inconsistencies with fixed order QCD calculations. More per- 
forming algorithms like SISCone [17] or anti-kr [18], which theoretically preferred 
since they are infrared and collinear safe, are under study. Details of the standard 
cone jet resolution are shown in Fig. 5.11. The stochastic term is in the order of 60% 
and the constant term around 3%. The noise contribution is 0.5 GeV in the barrel 
and increases to 1.5 GeV in the endcap. The reconstruction efficiency approaches 
100% at jet pr values of more than 40 GeV. The jet direction is determined to better 
than AR = 0.2 for jets with pr > 100 GeV. 

Also important is the reconstruction of the missing transverse energy, E», 
which provides signatures for particles that escape detection, like neutrinos or non- 
interacting super-symmetric particles. It is calculated as the Er sum of the calori- 
metric towers and also reconstructed muons are taken into account. The correspond- 
ing resolution is shown in Fig. 5.11 as a function of > Er using different simulated 
physics processes. It can be parameterised at high }° Er by o gris © 0.57-./>> Er. 
The direction of the missing Er vector in the x — y plane is determined with a preci- 
sion better than Ad = 0.8 at low E7"'** reducing to below 0.1 at E7** > 150 GeV. 

The outermost detector layer of ATLAS is composed of four different muon 
detection systems: monitored drift tubes (MDT) in barrel and endcap for the pre- 
cise measurement of the muon momenta, thin-gap chambers (TGC) in the endcap 
for triggering, cathode-strip chambers (CSC) for the innermost endcap region, and 
eventually resistive plate chambers (RPC) for triggering and momentum determina- 
tion in the barrel. The general geometrical arrangement of the muon chambers can 
be seen in Fig. 5.4 and a side view in the r — z plane is shown in Fig. 5.12. The 
angular coverage of the MDT is |n| < 2.7 and there are more than 1,000 chambers 
with 340 thousand channels installed. The innermost MDT layer only reaches to 
In| < 2.0. CSC chambers cover this endcap region 2.0 < |n| < 2.7 with high 
neutron background and high particle rate. The more than 500 RPC trigger chambers 
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Fig. 5.11 (a) Expected jet energy resolution for seeded iterative cone jets with different cone size 
and energy range [1]. (b) Resolution of the reconstructed transverse missing energy as a function 
of the sum of the transverse energy in the event [1]. Different event samples are used to evaluate 
the resolution at various transverse energy scales 


are installed at the middle and outer MDL layers in the fiducial region |n| < 1.05. 
Triggering is extended to 1.05 < |n| < 2.7 in the forward region by 3,588 TGC 
chambers. 

The magnetic bending field is provided by three air-coil superconducting toroid 
magnets. Eight barrel toroid coils create a field of 0.15—2.5 T, while the endcap field 
is between 0.2 and 3.5 T, depending on the azimuthal and polar angle. The endcap 
toroid also has an eight-fold symmetry and is rotated by 2/8 with respect to the 
barrel coils. The analysing power is better quantified in terms of the field integral 
along the possible muon trajectory, which is displayed in Fig. 5.13. It shows that the 
field integral is mostly between 2 and 7 Tm, except in the barrel-endcap transition 
region where the momentum reconstruction power is much reduced. 

The resolution for high momentum muons is shown in Fig. 5.13. At very high 


momentum of pr = | TeV the relative resolution is expected to be on the order of 
10%. 
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Fig. 5.12 Schematic view in the r — z plane of one quarter of the ATLAS muon detectors [1], with 
MDT chambers in barrel and endcap inner, middle and outer layer (BIL, BML, BOL, EIL, EML, 
EOL), the CSC and TGC detectors in the endcap region, as well as the RPC trigger layers attached 
to the barrel middle and outer MDTs 


For many of the projected physics analyses, in particular for measurements of 
cross-sections, the knowledge of the absolute, and eventually integrated LHC beam 
luminosity is needed. The main luminosity detector of ATLAS is the Cerenkov inte- 
grating detector LUCID [19, 1] which is installed at 17 m distance to the ATLAS 
interaction point. It will measure the number of elastic pp interactions at every 
bunch crossing, which is proportional to the LHC luminosity. An absolute calibra- 
tion of the luminosity is provided by the ALFA [19, 20] system which consists of 
scintillating-fibre trackers located inside Roman Pots at a distance of 240m from 
the interaction point. 

The measurements with the ALFA detector require dedicated runs with special 
beam optics and low luminosity, L = 10°7 cm~?s~!. The LUCID detector will be 
operated in parallel so that the two will be inter-calibrated. LUCID is then used 
to extrapolate this measurement up to the design luminosity with a final expected 
accuracy of 2-3%. 


5.2.2 The ATLAS Trigger and Data Acquisition System 


Important for physics measurements is the trigger system. The pp bunch crossing 
rate is at 40 MHz and the inelastic cross-section about 80 mb. That means that at high 
luminosities of 10°4 cm~?s7! there are about 25 interactions per bunch crossing. The 
interesting physics processes have however much lower cross-sections in the pico- 
barn to below femtobarn range. In general, high transverse momentum electrons, 
photons, muons, taus, and jets, as well as large missing transverse momentum are 
typical signatures of the physically interesting hard scattering processes. 

The ATLAS trigger system is divided into three layers, where the first one (L1) 
is implemented in custom hardware and the second and third level triggers, L2 and 
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Fig. 5.13 (a) Integral of the magnetic field seen by muons along their trajectory [1]. To visualise 
the effect of the eight-fold symmetry of the toroid system the integral is evaluated at ¢ = 0 and 
o = 1/8. (b) Momentum resolution for pr = 100 GeV muons in different n regions [1]. The 
stand-alone resolution is mostly better than 4%, exccept in the barrel-endcap transition region and 
in the very forward 7 range. If the muon chamber reconstruction is combined with inner detector 
tracks the resolution is generally improved, in particular in the transition region 


Event Filter (EF), are based on software algorithms running on large PC farms. The 
software triggers are also called high-level triggers (HLT). 

The first level trigger has two main inputs: the calorimeter trigger and the muon 
trigger. The corresponding trigger signals are read out with an electronics chain 
parallel to the standard readout. The data from the detector front-end is already 
concentrated so that a fast trigger decision with a maximum trigger latency of 2.5 us 
is provided. After this time interval the readout buffers on the detectors must have 
received a L1 signal to transfer the detector data to the Data Acquisition system 
(DAQ). The front-end buffer sizes are chosen according to this timing structure. 
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The calorimeter trigger receives information from about 7,000 analogue trigger 
towers with mostly An x Ad = 0.1 x 0.1 granularity. After digitisation, a Cluster 
Processor (CP) and a Jet/Energy-sum Processor (JEP) identify physics signatures. 
The CP looks for electron, photon and t candidates above programmable pr thresh- 
olds with possible isolation from other detector activities, while the JEP forms jets, 
and calculates the quantities $` Ey and E"'**, which also have to fulfil energy and 
multiplicity thresholds. 

The muon trigger system in the barrel region is identifying low pr muons from 
hits in both innermost RPC layers that are mounted inside and outside of the middle 
MDT stations. The pr measurement is performed using pre-defined tracking roads 
whose width selects different pr values: more narrow roads correspond to higher 
Pr thresholds. For high pr tracks in the innermost RPC layers, a third measurement 
in the outer RPC layers is used for refining the threshold using a similar algorithm 
based on tracking roads. In the endcaps, the TGC chambers provide the trigger input. 
They stand higher rates than RPCs and operate with 99% efficiency up to rates of 
20 kHz/cm?. Coincidence hits in the outer TGC chambers are treated independently 
inr and ¢ direction. They are finally merged and combined with the innermost TGC 
chamber hits. Six geometrical windows for the hits along the muon track correspond 
to pre-defined pr thresholds, similarly to the barrel algorithm. 

The L1 trigger decisions are taken by the central trigger processor at a rate of 
75 kHz. On a Ll-accept signal the detector data are transfered via optical fibres 
from the front-end through the Read-Out Drivers (ROD) to the DAQ system and the 
subsequent L2 algorithms are started. Each L1 object defines a so-called region 
of interest (ROI) which is an angular cone around the 7 and ¢ direction of the 
identified particle or E7”'** candidate. The L2 algorithms are seeded from the ROI 
and only accesses data within this region, which is about 1—2% of the full event 
information. The L2 algorithms search for more refined physics signatures, so-called 
trigger chains. These chains correspond to step-wise hypothesis tests to verify if the 
detected signature corresponds to the programmable L2 selection criteria. In each 
step, the hypotheses become more restrictive. Trigger signatures are rejected as early 
as possible, whenever a hypothesis step is not fulfilled any more. Typical trigger 
signatures are 


e electrons reconstructed as electromagnetic calorimetric clusters matched to inner 
detector tracks, 

e photons identified as electromagnetic calorimeter clusters without matched track, 

e tau leptons with hadronic decay signatures in the calorimeters and matched 
tracks, 

e cone jets formed from calorimeter towers, including b-tag information, 

e muons reconstructed from combined tracks in the muon chamber and the inner 
detectors, 

e transverse calorimetric energy sums, and 

e missing transverse energy. 
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For all trigger objects, energy and pr threshold can be freely defined as well as 
isolation from nearby hadronic activity, which is important for background rejection 
especially at high luminosities. The L2 trigger decision must be taken within 40 ms. 

The last trigger level, the event filter (EF), has access to the complete event data. 
These data are provided at a maximum frequency of 3.5 kHz. The EF is able to per- 
form event selections very similar to offline data analysis so that more complicated 
signatures can be implemented. The EF algorithms are tuned such that the final 
event output rate is at most 100 Hz. The events are grouped in different categories 
or data streams. Typical event rates at luminosities of 10°? cm~?s7! in the different 
streams are 


electron stream: 31 + 8 Hz 
muon stream: 34 + 9 Hz 

jet stream: 38 + 6 Hz 

Emss and t stream: 32 + 8 Hz 
B-physics stream: 10 + 6 Hz 


In this way, the input to the offline data analyses can be reduced to the selected 
trigger streams so that total data processing time can be optimised for the various 
physics analyses. 


5.2.3 The CMS Detector and Performance 


The CMS detector [2] has a length of 21.6m and a diameter of 14.6m and is 
installed at IP 5 of the LHC ring. The central tracker, as well as the electromagnetic 
and the hadronic calorimeters are inside a solenoidal magnetic field of 4 T in which 
the charged particle tracks are bent. The solenoid is made of a superconducting coil 
of 5m radius and 13 m length. The iron return yoke on the outside of the solenoid 
is equipped with muon chambers. CMS has thus a much more compact design than 
the ATLAS detector. 

The CMS inner tracking system is composed of a silicon pixel and microstrip 
detectors. The central barrel region is covered by 3 pixel layers and 9 microstrip 
layers. The barrel region is completed with 2 pixel disks and 3 microstrip disks 
oriented perpendicular to the beam axes. The tracker endcap consists of 9 microstrip 
disk layers, which are installed parallel to the barrel disks. In the central barrel 
region, the innermost strip layers and two strip layers of the outer barrel are made of 
two-layer modules with a stereo angle of 100 prad to provide measurement in the 
r — ġ andr — z planes. There are in total 66 million pixels and 9.6 million silicon 
strips, which cover an angular region up to |n| < 2.4. The occupancy in the 100 x 
150 um? large pixels is 1074 per beam crossing, while in the inner 10cm x 80 um? 
large strips the occupancy is 2—3%. The single-point resolution in the inner stereo 
layers is 23-34 um in r — @ and 230 um in z direction. In the outer layers it is about 
a factor 2 larger. The expected track resolution obtained for single muon events is 
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shown in Fig. 5.14. For low momentum tracks below 10 GeV, the pr resolution 
will be better than 0.7% in the central region and decreases to 2% for n = 2.4. 
Higher energy tracks of 100 GeV can be measured with 1.5-6% resolution. Another 
performance parameter, important e.g., for the lifetime tag of B meson decays, is the 
resolution on the impact parameter distance to the vertex. It is better than 200 ym 
for low energy tracks and reaches 10 um for more straight tracks above 100 GeV, 
also shown in shown in Fig. 5.14. Some performance parameters of the ATLAS and 
CMS tracking systems [21] are compared in Table 5.2. The CMS tracker achieves 
a better momentum resolution as well as better impact parameter (IP) resolutions at 
high pr due to the higher magnetic field and the smaller pixel sizes, respectively. 

The CMS electromagnetic calorimeter (ECAL) is composed of a barrel and two 
endcaps with 61,200 and 2 x 7,324 lead tungstate (PbWOz,) scintillating crystals, 
respectively. The crystals have a short radiation length, Xọ = 8.9 mm, fast light 
response and are radiation hard. The barrel section has an inner radius of 129cm 
and covers an 7 range up to 1.479, while the endcaps are at 3.14 m distance to the 
IP and cover 1.479 < |n| < 3.0. The crystal length in barrel and endcap correspond 
to about 25 Xo, so that electromagnetic showers are contained in the calorimeter up 
to high energies. In the endcap region a preshower device made of 2 lead absorber 
disks and 2 planes of silicon strips with 1.9mm pitch provides additional rejection 
power against xo background. The electron resolution of an ECAL module is shown 
in Fig. 5.15. It is parameterised as 


G-Ge)+G) +e. a 


with a stochastic term S, noise N, and a constant term C. The expected performance 
parameters are also given in Fig. 5.15. The overall resolution for a 100 GeV electron 
is about 0.5%. Table 5.3 compares the CMS ECAL to the ATLAS LAr calorime- 
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Fig. 5.14 Expected momentum and transverse impact parameter resolution of single muon tracks 
of three different energies, simulated for the CMS tracking system in different 7 regions [23] 
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Fig. 5.15 (a) Electron energy resolution of a CMS ECAL module [23] measured in a beam test. 
“Hodo cuts” refers to a measurement using a beam hodoscope to restrict the incoming beam to the 
centre of the 3x3 electromagnetic cluster, which results in a better resolution since effects of energy 
loss at the crystal edges are avoided. (b) Jet transverse energy resolution for the three 7 regions 
of the hadron calorimeter, barrel, endcap and forward [23]. The jets were reconstructed using an 
iterative cone algorithm with R = 0.5. The reconstructed transverse energy, E7°°, is compared to 
the MC generated energy, EMC 


ter [21], where the latter shows a slightly worse performance in terms of energy 
resolution. 

The hadronic calorimeter (HCAL) must operate in a magnetic field and is opti- 
mised to provide a maximum of absorption for hadronic showers before they reach 
the magnet coil. Therefore a brass/scintillator sampling technique is chosen. The 
HCAL covers an angular range of |n| < 3.0. Since there is still some hadronic 
leakage outside the magnet coil, an additional layer of scintillators is installed 
between magnet and return yoke so that the total number of hadronic interaction 
lengths, A, is between 7 and 11. The hadron barrel (|n| < 1.4) is segmented in 
An x Ag = 0.087 x 0.087 large towers, while the endcap (1.3 < |n| < 3.0) is 
more coarse in @ with segmentations of 5° and 10°, respectively. In the forward 
region 3.0 < |n| < 5.0, a steel and quartz-fibre calorimeter provides extended 
coverage for jet and missing Er measurement. 

The resolution of the reconstructed transverse energy of jets, Er, is displayed in 
Fig. 5.15. It is about 15% for jets of Er = 100 GeV and is below 10% for high 
energy jets. In the barrel region the resolution is parameterised by 
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o (E; es?) ? 1.25 5.6 
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for jets reconstructed with an iterative cone algorithm with a cone size of R = 0.5. 
The calorimetric measurement of the missing transverse energy, E7 iss is important 
for searches for new particles and in the reconstruction of events which involve 
neutrinos in the final state. Figure 5.16 shows the corresponding expected resolution 
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Table 5.2 Comparison of performance parameters of the inner tracker systems of the ATLAS and 
CMS experiments [21] 


Parameter n pr[ GeV] ATLAS CMS 
Magnetic field B(T) — — 2 4 
BR? (T - m?) - - 2.0-2.3 4.64.8 
Silicon pixel channels = = 80 x 10° 66 x 10° 
Pixel resolution in Rọ (um) - = 10 10 
Pixel resolution in z/R (um) - — 100 20 
Silicon tracker channels — — 6.2 x 10° 9.6 x 10° 
Tracker material thickness (Xo) 0 — 0.35 0.35 
Tracker material thickness (Xo) 1.7 -— 1.35 1.50 
TRT tracker channels — — 0.35 x 10° - 
u* reconstruction efficiency at = 1 96.8% 97.0% 
x™ reconstruction efficiency at - 1 84.0% 80.0% 
e~ reconstruction efficiency at - 5 90.0% 85.0% 
Momentum resolution at 0 1 1.3% 0.7% 

2.5 1 2.0% 2.0% 

0 100 3.8% 1.5% 

2.5 100 11% 71% 
Transverse IP resolution (um) at 0 1 75 90 

2.5 1 200 220 

0 1000 11 9 

2:5 1000 11 11 
Longitudinal IP resolution (um) at 0 1 150 125 

255 1 900 1060 

0 1000 90 22-42 

2:5 1000 190 40 


for minimum-bias and soft QCD events at low-luminosity. The ATLAS and CMS 
hadronic calorimeter performances [21] are again compared in Table 5.3. 

The most outer layers of the CMS detector are the muon systems. In the barrel 
section at |n| < 1.2 drift tube (DT) chambers are installed in four radial layers 
between r = 4 m andr = 7 m. The endcaps (|n| < 2.4) are equipped with 
three large disks of cathode strip chambers (CSC), which have a higher tolerance to 
neutron induced background and stand a higher particle rate and a higher magnetic 
field. In addition, resistive plate chambers (RPC) are used in both regions, which 
also operate at high rates. They provide a good time resolution needed for bunch 
crossing detection, but they have a reduced position resolution with respect to the 
DTs and CSCs. In the barrel, the DT and RPC systems provide up to 44 space points 
for muon track reconstruction. The muon chamber information is completed by the 
track measurement in the inner detector. In Fig. 5.16 the individual and combined 
momentum resolutions of the tracking systems are compared. At low transverse 
momentum, the resolution is mainly determined by the inner tracker, while the 
muon system contributes equally at high momenta. A similar behaviour is found 
in the forward region. For 1 TeV muons the momentum resolution is about 5 and 
7% in barrel and endcaps, respectively. The corresponding angular resolutions in 
ġ are 1 and 10 mrad. When compared to ATLAS, as summarised in Table 5.3, the 
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Table 5.3 Comparison of general performance parameters of the calorimeter and muon detectors 
of the ATLAS and CMS experiments [21] 


Parameter n pr[ GeV] ATLAS CMS 
Electromagnetic calorimeter 

Material - - Pb/LAr PbWO, 
Strips/Si-preshower thickness (Xo) - - 4.0-4.3 

Main sampling thickness (Xo) - — 16-20 25-26 
Noise per cluster (MeV) — — 250 200-600 
Resolution stochastic term - - 10-12% 3-5.5% 
Resolution constant term - — 0.2-0.35% 0.5% 
Hadronic calorimeter 

Material barrel - — Fe/scint. Brass/scint. 
Material endcap - - Cu/LAr Brass/scint. 
Material forward = - Cu/LAr+W/LAr Steel/quartz 
Absorption lengths = = 9-13 7-14 

z~ Resolution stochastic term — — 55-85% 70% 

x= Resolution constant term — — 1-2% 8% 

Noise (GeV) — — 1.2-3.2 1 


Muon spectrometer 


Measurement coverage — — In| < 2.7 In] < 2.4 
Trigger coverage — — In| < 2.4 In] < 2.1 
Bending power BL (m- T) at 0 - 3 16 
2:5 - 8 6 
Combined (stand-alone) resolution at 0 10 1.4% (3.9%) 0.8% (8%) 
2 10 2.4% (6.4%) 2.0% (11%) 
0 100 2.6% (3.1%) 1.2% (9%) 
2 100 2.1% (3.1%) 1.7% (18%) 
0 1000 10.4% (10.5%) 4.5% (13%) 
2 1000 4.4% (4.6%) 7.0% (35%) 


CMS stand-alone muon spectrometer has a less good resolution, which is however 
overcompensated in the combined reconstruction by the inner tracker. 

The CMS trigger is a 3-layer system to select potentially interesting physics 
events which appear at rates much lower than the overwhelming inelastic pp col- 
lisions. At nominal bunch spacing and high luminosity, a reduction factor of 107 
from about 1 GHz interaction rate to 100 Hz event recording frequency is needed. 
The trigger requirements of CMS and ATLAS are therefore very similar. 

The first trigger layer of CMS is implemented in custom electronics while the 
high-level trigger (HLT) is software based. Only the calorimeters and the muon 
system provide trigger information to the hardware trigger. The ECAL trigger con- 
structs trigger primitives from the sum of the transverse energy deposited in a 
calorimeter tower. The tower size in the barrel is 5 x 5 crystals, and in the end- 
cap 5 x 5 so-called super-crystals. The HCAL trigger works similarly, with trig- 
ger towers that follow the HCAL geometry. The global trigger receives the trigger 
primitives and filters events that pass a pre-defined set of thresholds. The global 
trigger decision is prepared and sent back to the detector within 3.2 us, which then 
starts the transfer of the buffered data. The level-1 muon trigger is based on DT, 
CSC and RPC measurements. Each subsystem provides a local trigger primitive 
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Fig. 5.16 (a) Missing transverse energy resolution as a function of the sum of the transverse 
energy, > Er, for minimum-bias and soft QCD events at low luminosity [23]. (b) Resolution 
for muons in the central detector, reconstructed with the muon system only, the tracker only and 
the combined measurement [23] 


with position, direction, bunch crossing and quality information. A track finding 
algorithm combines the primitives and assigns a pr measurement to the track. The 
global muon trigger (GMT) selects the four best tracks according to pr and quality 
and transmits it to the global trigger, which applies the required momentum and 
isolation thresholds. The global trigger can also combine different trigger primitives 
and has access to the calorimetric energy sums, )> Er and E os The level-1 accept 
rate is up to 100 kHz. 

After a positive level-1 decision data are available in dual port memories to 
the DAQ system. The data blocks of the different detectors are accessible for the 
HLT processors which further analyse the events. The global strategy is to reject 
unwanted events as early as possible. Regional reconstruction is preferred in the 
early filtering stages because it can provide sufficient information to discard events 
quickly. In several virtual filter levels the complexity increases, eventually exploit- 
ing the completely reconstructed event, including full particle tracking. All HLT 
processors are running the same software code which maximises flexibility of the 
system. Eventually, after successful HLT filtering, event data are written to mass 
storage for offline analysis. 

In summary, the ATLAS and CMS detectors will provide similar performances 
using different detection technologies. CMS has slight advantages in tracking 
charged particles in the inner detector and in the measurement of electron and 
photon energies. ATLAS, on the other hand, performs better in jet and energy flow 
determination, and also the stand-alone measurement of muon momenta in the muon 
chambers is more precise. This is however compensated in the combined reconstruc- 
tion by the performance of the inner tracking system. The final performance will 
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however also depend on the proper understanding of the sub-detectors and trigger 
systems, their efficient running, and the combined reconstruction of high pr objects 
that will be optimised with data from pp collisions. 


5.3 Prospects for the LHC Start-Up Phase 


The sub-detectors and trigger systems of ATLAS and CMS were already operational 
at the LHC start in September 2008. The very first event in ATLAS is shown in 
Fig. 5.17. It is the interaction of a single proton beam hitting the upstream collimator 
and producing a shower of particles along the beam direction in the ATLAS detector. 
Before and after this event, several million of cosmic ray triggers were recorded 
for calibration and alignment. The sub-systems are completed, commissioned and, 
apart from temporary and system-specific faults related to normal operation, fully 
functional. The instantaneous LHC luminosity will increase with time such that the 
usage for measurements with the ATLAS and CMS detectors can be divided into 
different stages [22]. With 10-100 pb~! of data collected in the very early phase 
(2010), detector calibration, trigger performance studies, trigger adjustment, and 
material studies will be performed. Known physics processes, like Drell-Yan Z- and 
W-Boson production, are used as standard candles for these tasks. Table 5.4 sum- 
marises some of the ATLAS performance goals for e/y energy scale and uniformity, 
for jet energy scale, as well as for tracking and muon alignment. 


ATLAS 2006-09-10 10:19:10 CEST event JveXML 8776440050 run67764 ev40050 geometry: <detast> 
~~ 


first beam 
event seen 
in ATLAS 


Fig. 5.17 First LHC beam event recorded by ATLAS 
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Table 5.4 Expected ATLAS calibration and alignment performance at the start of data taking and 
with first data samples 


Initial Performance 
Quantity performance with data Data samples 
e/y energy scale 2% 0.1% Z —> ete, J/W > ete” 
e/y uniformity 1-2% 0.7% Z—> ete” 
Jet energy scale 5-10% 1% W > qq intt, y/Z + jets 
Tracking alignment 10-50 wm < 10pm Tracks, Z > ut 
Muon alignment 100-200 um 30 um Inclusive muons, Z > u+ u” 


In the subsequent phase, with up to about 1 fb™! of data (expected in 2012), 
calibration and alignment will be further refined. Here, background processes for 
Higgs and SUSY searches need to be studied. Inclusive searches for SUSY particles, 
respectively their decays, will be possible in the low-mass SUSY parameter space 
with sensitivity to production cross-sections down to © 0.5 fb. 

Once the amount of well understood data goes beyond 1 fb~!, the sensitivity 
extends to more rare processes, like the production SM and SUSY Higgs bosons as 
well as heavy new particles in the TeV range. Detailed information are collected in 
[23, 24]. 

First LHC collision data will be used to verify and improve the calibration and 
alignment that has already been achieved with the corresponding dedicated hard- 
ware calibration systems. As an example, Z — ete™~ events are planned to be used 
to inter-calibrate the different ATLAS calorimeter regions with a relative unifor- 
mity of 0.5% between regions of size An x Ag = 0.2 x 0.4. Together with the 
local uniformity obtained by cell-by-cell calibration, this is necessary to reduce the 
constant resolution term to below 0.7%. Figure 5.18 shows that only 100 pb~! of 
data are needed to achieve this goal. The Z decay events serve also as a reference 
sample from which the absolute electromagnetic energy scale can be derived. Local 
energy scale factors are adjusted until the shape of the di-electron invariant mass 
distribution corresponds well to the Breit-Wigner line-shape folded with a resolution 
parameterisation, as expected for Z — ete~ production. Since the Z mass is known 
to 2.1 MeV from LEP measurements [6], the electron energies can be calibrated 
with high precision. 

The Z — £*£€- decays are also an ideal tool to measure lepton reconstruction, 
identification and trigger efficiencies, as well as resolutions directly from data [25]. 
The events are triggered and selected by requiring a high-pr lepton to tag the event 
and a second object in an invariant mass interval close to the Z boson mass. This 
object is used as a probe to derive the various efficiencies. Figure 5.18 shows, as an 
example, the ATLAS muon identification efficiency, as it could be determined from 
100 pb~! of data. The relative background is small, less than 0.1%, and originating 
from bb > uu + X production, W —> uv and Z — tt decays, as well as tt 
production. Similar measurements are foreseen for electrons and taus. The results of 
these studies will be compared to the estimated detector performance to eventually 
derive corresponding systematic uncertainties. They will be the base for searches for 
the Standard Model Higgs boson or for new physics beyond the Standard Model. 
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Fig. 5.18 (a) Constant energy resolution term from long-range non-uniformities in the calorimeter 
as planned to be measured from the line-shape of Z —> e*e~ events [24]. (b) Muon reconstruc- 
tion efficiency determined from simulated Z > u*u” events and the corresponding background 
in 100 pb™! of ATLAS data [24]. The result from the “tag&probe” method compares very well 
with the expectation directly derived from Monte Carlo information. The inefficiencies at |n| ~ 0 
and |n| ~ 1.2 are due to the small gap between two muon barrel systems and the barrel-endcap 
transition region 
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Chapter 6 
Expectations for Electroweak Measurements 
at the LHC 


At the LHC, the large amount of luminosity expected will allow a determination 
of the masses of the W boson and of the top quark with even greater precision 
than present day measurements at LEP and the Tevatron. This is a very challenging 
task. In particular, the experimental and systematic uncertainties need to be under 
control. There is also the opportunity to improve the knowledge on the weak mixing 
angle and on triple gauge boson couplings. This will further constrain the theoretical 
models and will probe the consistency of the Standard Model in finer detail. This 
chapter focuses therefore on the prospects for improved electroweak measurements 
by the LHC experiments. 


6.1 W and Z Boson Production 


The production of W and Z bosons is a process with high event rates at the LHC, 
with NNLO cross-sections of 20.5 nb [1] for W — eve, uv, final states and about 
10 times smaller, 2.02 nb [1], for Z > ete, wt production at ./s = 14 TeV. 
The theoretical predictions performed at NNLO have a rather high precision of 
about 1% and the cross-section measurements provide stringent tests of QCD. In 
addition, differential cross-sections like the rapidity distribution of W and Z bosons, 
do /dy, are sensitive to parton distribution functions (PDFs) of the proton (compare 
Sect. 1.7 and References [10, 39]). 

In the initial LHC phase, at low luminosities of 10°! cm~?s7', the trigger thresh- 
olds for W —> £v and Z —> £*£€~ production can be rather low. Single elec- 
tron and muon signatures are planned to be accepted by the first level trigger at 
Pr > 10 GeV. Electron and muon pairs are required to pass at least pr > 5 GeV 
and pr > 4 GeV, respectively. These thresholds are approximately doubled at 
1033 cm~*s~! and will be further adapted for nominal LHC running at 10*4 cm~?s7!. 
The selection of W — ev events, as prepared by the ATLAS collaboration, is subse- 
quently asking for a well identified electron reconstructed from an electromagnetic 
cluster in the calorimeter matched in angle to a track, such that Er > 25 GeV and 
n values within the fiducial volume [2]. The missing transverse energy due to the 
neutrino has to pass E% > 25 GeV and the transverse mass of the lepton-neutrino 
system, m¥ , must be larger than 40 GeV. 
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Fig. 6.1 (a) Simulated transverse mass distribution in the W — ev, channel for an integrated 
luminosity of 50 pb~! [2]. (b) Invariant di-electron mass measured in Z —> e*e~ events and the 
corresponding background, again for 50 pb~! [2] 


In 50 pb~! of data, 220 thousand signal events are expected. Main backgrounds 
are QCD jet production, followed by W —> tv and Z — ete” events, summing up 
to about 10% of the signal expectation. The transverse mass distribution is shown in 
Fig. 6.1 [2]. 

Since QCD jet production is the primary background and has at the same time 
relatively large theoretical uncertainties, a data driven method is developed for its 
estimation. Especially the modelling of the E7"** background distribution before the 
final cut is important. A y + jets event sample, very similar to the signal process, is 
selected by requiring that no charged tracks are pointing to the electromagnetic clus- 
ter instead of having an angular match. Thus, the control sample has similar kine- 
matics to the signal but a priori no missing energy like the background. Therefore, 
the background ast spectrum can be derived from these events and systematic 
uncertainties are reduced. Table 6.1 summarises the event numbers, acceptances, A, 
and efficiencies, £, as well as the prediction for the cross-section measurement in 
50 pb~! of data. 

The W — uv selection follows a similar strategy. However, the jet backgrounds 
are dominated by bb — uX events which can be rejected by requiring muon iso- 
lation from hadronic activity and impact parameter cuts. A good understanding of 
the detector and the underlying event is necessary. Luminosity uncertainties will 
be significant during initial running, but can be removed by taking ratios of cross- 
sections ow /oz. The situation will improve once the absolute luminosity calibration 


Table 6.1 Expected number of signal and background events, N and B, overall selection efficien- 
cies, A x £, and cross-section measurements, o, together with their uncertainties, for an integrated 
luminosity of 50 pb~!. The uncertainty on N is statistical, the other sources are systematic [2]. An 
overall luminosity uncertainty is not included 


Process N(x 10*) B(x 10*) Axe AJA eje o (pb) 


W —> ev 22.67 +0.04 0.61 + 0.92 0.215 0.023 0.02 20520 40 1060 
W —> uv 30.04 +0.05 2.01 0.12 0.273 0.023 0.02 20530 40 630 
Z —> ete” 2.71 + 0.02 0.23 + 0.04 0.246 0.023 0.03 2016 + 16 + 83 
Z— uu  2.57£0.02 0.010+0.002 0.254 0.023 0.03 2016 + 16+ 76 
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with the ALFA detector [3] will be available, for which dedicated runs are foreseen. 
The absolute luminosity calibration will then be projected to normal ATLAS run- 
ning, using e.g. the relative measurement of the LUCID system. 

The measurement of single gauge boson production thus represents a first test of 
the Standard Model predictions, testing both the electroweak and QCD part of the 
theory. Verifying the latter in the high energy hadronic environment is especially 
interesting and the basis for many other measurements and searches at the LHC. 
Controlling and measuring PDFs, as one aspect of understanding the hadronic part 
of the interactions, will be an important activity. 

Insights into beyond leading-order QCD jet production can be learnt by select- 
ing explicitly Z > wt + jets signatures from the Z > wtp sample (and 
similarly for Z —> ete”). This is interesting by itself and necessary to understand 
backgrounds to new particle searches. In an ATLAS study [2], di-muon events in 
the mass range 81 GeV < Mee < 101 GeV with isolated muons of high pr are 
selected. Jets are identified with a minimal angular distance AR > 0.4 with respect 
to the muon, a minimal transverse momentum, pr > 40 GeV, and a pseudo-rapidity 
range in the central part of the detector, n < 3.0. The purity for Z > wt with 
additional 1-, 2- and 3-jets is found to be rather high, but to decrease with the jet 
multiplicity from about 96 to 90%. 

The spectrum of the jets is determined and then corrected back to Monte Carlo 
generator level, using the ALPGEN [4] calculation as a reference. Figure 6.2 com- 
pares the different predictions at parton level. The actual comparison is done on 
hadron-level but reveals similar features: the LO prediction of the PYTHIA program 
differs from the NLO MCFM [5] and ALPGEN calculations, especially in the high 
jet pr region. Fig. 6.2 shows also the expected precision for different systematics 
due to the jet energy scale. Initially, this scale will not be known better than 10% 
(with £ = 1 fb~'). But with more data, a 5% precision is expected to be reached, 
providing sensitivity to LO vs. NLO differences. 
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Fig. 6.2 (a) Parton level comparison of the pr of the leading jet in Z —> u*u™ + jets Monte 
Carlo samples for LO and NLO predictions [2]. (b) Systematic uncertainty on hadron level pr of 
the leading jet in Z > e+e + jets events for L = 1fb™! [2]. If the dominant jet energy scale 
uncertainty can be reduced below 10%, sensitivity to NLO predictions is possible 
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6.2 W Mass Measurement at the LHC 


The techniques foreseen to determine the mass of the W boson at the LHC are very 
similar to those applied at the Tevatron. The data samples consist of leptonically 
decaying W boson with ev and jv final states. Events with high-p7 leptons, typi- 
cally above 20 GeV, and missing energy of more than 20 GeV due to the unmeasured 
neutrino are selected. Activity from QCD jets is suppressed by limiting the hadronic 
recoil to the reconstructed W boson to 30GeV. This retains about 40 million W 
decays per experiment in 10fb~! of data with efficiencies of 20% in each decay 
channel W — ev and W — wv [6]. With this number of signal events the statis- 
tical precision is only a subordinate uncertainty. Controlling the different sources 
of systematics is therefore the main task in this measurement. The goal is to push 
the experimental precision close to the current theoretical uncertainty of 4 MeV [7], 
calculated at electroweak two-loop order (and for My < 300 GeV). 

In general, many effects can be determined from the closely related single gauge 
boson channels, Z —> ete~ and Z > pty. It could be shown [6] that from Z 
control samples, the uncertainties on the W rapidity spectrum, the W pr spectrum, 
as well as the lepton energy scale and resolution as a function of lepton energy can 
be derived. Like for the Tevatron measurements, the Z —> £*+€~ samples can be 
well calibrated by applying the nominal Z mass [8] as an external constraint. Sim- 
ilarly, the lepton energy scale can be determined and calibrated for the lower lying 
di-lepton resonances, like J/w and Y.CMS had proposed a method to remove one 
of the leptons of the Z decay and adjust the pr, respectively Er, and the trans- 
verse mass spectra such that the resulting distributions fit the measured ones in 
the corresponding W — £v channel. The adjustment is done with the following 


approximation: 
do Zz Mz w 
d Pr— Mort ) 
theo PT Ww 


where My is a free fit parameter and many theoretical uncertainties are absorbed 
o do” 
Mwdpr Mzdpr 
illustrated in Fig. 6.3. Since then, more refined methods like the template method, 
also applied in top and W mass analyses at Tevatron and elsewhere, are used. They 
yield a very high statistical precision of about 2 MeV per channel in 10 fb~! of data. 
The method relies on Monte Carlo samples of signal events which are reweighted to 
different underlying masses using theoretical matrix element predictions which are 
adjusted to fit the data spectra of transverse lepton momentum and transverse mass. 
A detailed study of the different sources of systematics [6] shows that many 
uncertainties can be controlled by studying event samples of leptonically decaying 
Z bosons. The size of these samples is a factor 10 smaller than the number of W 
boson decays in the respective channels (compare Table 6.1). The leptonic Z final 
state can however be fully reconstructed and the kinematic properties of the Z can 


doW 


dpr 


$ 


E Mz ( do do? ) 
pred Mw Mwdpr Mzdpr meas 


(6.1) 


in the ratio, ) , which is used as theoretical input. This is 
theo 
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Fig. 6.3 (a) Comparison of the rescaled Er spectrum of electrons in Z —> ete~ events 1 fb™! [9]. 
(b) The corresponding x? distribution of the W mass derived from this spectrum 


be determined. Assuming that each leptonic energy, E; (i = 1,2), scales with a 
factor a; the reconstructed Z mass, m;j, varies as 


QijMij = 2a; Eia; Ej — COS Ad) (6.2) 


1 
Qij © 5 Mi + aj), (6.3) 


with the angle between the leptons, Ag, and an approximative expression for the 
mass scale-factor, œ;j. In this way, the measured Z mass spectrum is adjusted to 
follow the theoretical expectations. The energy scale and resolution parameters are 
then derived as a function of the lepton energy itself with high precision. The impact 
of energy scale and resolution on the W mass are thus reduced to 4 MeV and 1 MeV, 
respectively, for both electrons and muons. 

Furthermore, energy and pseudo-rapidity dependent trigger, reconstruction and 
identification efficiencies, as well as the recoil energy scale is extracted from Z 
decay events. Uncertainties on efficiencies may alter the pr and mr spectra, and 
influence eventually Mw by 4.5 MeV and 1 MeV in the electron and muon channel, 
respectively. When studying the recoil system, the leptons are properly removed 
from the event to simulate and then measure missing energy signatures, very sim- 
ilar to the neutrino in W — £v decays. The extraction of Mw from the transverse 
mass has a corresponding systematic uncertainty of 5 MeV. These estimates are per- 
formed based on Monte Carlo simulations and exploit experience from the Tevatron 
precision measurements. However, the detailed understanding of the detectors of 
ATLAS and CMS is primordial to achieve such a performance. 

The modelling of the W production mechanism also must be understood, in par- 
ticular the pr and rapidity distribution of the W bosons. Here, the Z decay studies 
and Drell-Yan di-lepton events help to constrain these. Extrapolating the current 
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knowledge on PDFs, e.g. by analysing the systematically varied PDF sets provided 
by the CTEQ group [10], and assuming an significant improvement, the correspond- 
ing uncertainty on Mw can be reduced to below 3 MeV level. Modelling of QED 
photon radiation from final state leptons contributes with only 1 MeV, expecting a 
similar level of understanding of the photon spectra and their influence on the lepton 
reconstruction as for the LEP Z mass measurements. 

As regards backgrounds, their contribution to the selected event sample is only 
small, mainly dominated by irreducible W —> tv > evv and W > tv > uvv 
events with the same signature as the signal process. An uncertainty of about 2 MeV 
is attributed to systematic variations of the background level and its spectral shape. 
Effects from the underlying event, in-time and out-of-time pile-up, and variations of 
the beam crossing angle will influence the W mass by only 1 MeV. 

In total, the systematic uncertainties sum up to 6-7 MeV in the muon channel and 
to 7-8 MeV in the electron channel for each of the mass measurements from the pr 
and mr spectra. Taking correlations into account this yields an accuracy of 7 MeV 
in both channels [6]. As mentioned above, this estimate assumes 10 fb~! of well 
understood data. Only data taken with close-to-ideal detector conditions and under 
well controlled beam conditions with negligible background will enter the W mass 
analysis. 

Since both experiments, ATLAS and CMS, will independently measure Mw, a 
combined uncertainty (including correlations) very close to the current theoretical 
precision of 5 MeV will therefore be possible, improving the current world average 
by a factor of 5. This will then match well with the uncertainty on Mz of 2.1 MeV. 
Theoretical models are thus tested in future also in the W mass sector at the elec- 
troweak two-loop level, and possibly beyond. 


6.3 Top Physics and Determination of the Top Quark Mass 


The most prominent Standard Model process at the LHC is the top quark production, 
making the LHC a top factory. About 83,000 top pairs are expected in 100 pb~! [11] 
at a centre-of-mass energy of 14 TeV. They are produced through gluon fusion dia- 
grams gg — tt (90%) and quark annihilation qq > g — tt (10%). The cross- 
section depends on the exact value of the top quark mass, m,, but can be calculated 
at NLO order including NLL soft gluon resummation. The renormalisation scale 
uncertainty is however non-negligible, in the order of 10% when the scale is varied 
by a factor of two [12]. When including NNLO calculations and using the minimal 
subtraction (MS) renormalisation scheme to define the top quark mass, m;(j,), an 
improved theoretical uncertainty of below 5% is achieved [13]. 

The top quarks decay practically exclusively to W+b since the CKM matrix ele- 
ment V; is close to unity. The tt events are therefore measured in three topolo- 
gies according to the W decay final states: fully hadronic (46.2%), semi-leptonic 
(43.5%) and fully leptonic (10.3%). The trigger systems of ATLAS and CMS iden- 
tify those events by multiple signatures: high-p7 jets, isolated high-p; electrons 
and muons in the leptonic channels, and multi-jets in the fully hadronic channel. 
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Typical efficiencies normalised to the total event rate are in the order of 50-60% 
for the lepton triggers with pr > 20 — 25 GeV, nearly 100% for low threshold jet 
triggers with pr > 20 GeV and about 10% for multi-jet triggers. Especially in the 
semi-leptonic final state there is a large redundancy. 

The event selection in the single lepton channel requires a high pr lepton 
of 20GeV, EPI > 20 GeV, four jets of pr > 20 GeV with three jets pass- 
ing pr > 40 GeV. This results in combined trigger and selection efficiencies 
of 18% in the electron and 24% in the muon channel. Furthermore, additional 
kinematic cuts can be applied like W mass constraints and a top-mass window, 
as well as b-tagging. The latter is however considered as not applicable in very 
early data since it requires a thorough understanding of the ATLAS tracking. 
Without asking for a b-tag, the electron analysis expects a signal-to-background 
ratio of Ns/Ng = 561/96 events in 100 pb~! and the muon analysis is expect- 
ing a ratio of Ns/Ng = 755/143. Events from W + jet production repre- 
sent the main background. The cross-section is extracted from a likelihood fit to 
the three-jet mass spectrum, as shown in Fig. 6.4, which yields a relative pre- 
cision of Ao/o = (7(stat.) + 15(syst.) + 3(PDF) + 4(lumi.))% for both chan- 
nels combined. The systematics are dominated by initial and final state radia- 
tion (ISR/FSR) of gluons and photons, as well as the shape of the fit function 
used. 

In the di-lepton channel, the typical signature are two high pr leptons, E7'** 
due to two neutrinos which escape detection and two high pr b-jets. Combining ee, 
eu and uu channels, the signal to background ratio is Ns/Ng = 987/228. Here, 
the leptonic decays of Z and W bosons are dominating the background rate. The 
expected precision in 100 pb! is Ao /o = (4(stat.)*3 (syst.) + 2(PDF) + 5(lumi.)) % 
using a simple event counting method [2]. In this case, the jet energy scale is 
expected to be the main source of systematic uncertainties. 
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Fig. 6.4 (a) Reconstructed top mass in the decay t — Wb —> jjb in semi-leptonic tt events for 
L = 100pb~! [2]. From this distribution the tt cross-section is determined by fitting a parame- 
terised signal and background function to the simulated data. (b) A high purity tt sample is used 
to measure the top quark mass [2]. An increased width of the jjb mass due to the light jet energy 
scale is corrected by adding the jj mass peak-value, M TE instead of the actual jj mass, M jj, in 
each event. This corrects the jet energy scale uncertainty to first order. The statistical uncertainty 
on m; in 1 fb~! obtained in this case is 0.3 GeV 
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The top events themselves, and in particular the hadronic W decays, can actually 
be explored to calibrate the jet energy scale in data. Knowing the W mass value, 
the invariant jj mass spectrum can be adjusted to the expectations. Iterative energy 
rescaling and template methods are used. As an example, in 4,000 semi-leptonic tt 
events from 1 fb~! of simulated data, an overall scale factor of K = My,?°/M;; = 
1.014 + 0.003 is achieved, reproducing well the expected value of the absolute jet 
energy scale of Kexp = Eparton/E jer = 1.014 + 0.002 for the specific sample 
analysed. 

The jet energy scale is also the main uncertainty in the determination of the top 
quark mass. A first study for this measurement was performed in the semi-leptonic 
channel. The purity of the tt sample is increased by additional kinematic constraints, 
e.g., on the reconstructed hadronic W mass, the b-quark energy, E;, and the differ- 
ence of b and W energies, Ej, — E;, in the top rest frame. Eventually, top, W and b 
purities of (86.4+0.9)%, (86.9+0.9)% and (94.0+0.6)% are reached. The selection 
efficiency is (0.57 + 0.05)%. From the top mass spectrum, shown in Fig. 6.4, m, is 
derived with a very good precision of 0.3 GeV, assuming £ = 1 fb™!, with practi- 
cally no bias. This means that the systematic uncertainties dominate, as there are: 
b-jet energy scale with 0.7 GeV per %, light jet energy scale 0.2 GeV per %, and 
ISR/FSR systematics of 0.4 GeV. The ultimate goal is therefore the reduction of the 
jet energy scale uncertainties to at least 1%, which is one of the main challenges in 
this measurement [2, 9]. The Tevatron measurements of m, (Sect. 4.2) already push 
forward into these regions of systematic uncertainties. An improvement by the LHC 
experiments of the top quark mass will therefore require a detailed understanding 
also of the modelling of the underlying event, of measurements and modelling of the 
much larger pile-up, and of a measurement and control of QCD effects like Colour 
Reconnection. Here, the large data samples which will be collected by the LHC 
experiments may give a handle to possibly select a set of tf events in which Colour 
Reconnection can either be measured or in which this effect is suppressed. Then the 
LHC will eventually be able to achieve a precision of the top quarks mass at or even 
below the 1 GeV level. 
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Fig. 6.5 (a) Boosted decision tree (BDT) output for single-top signal and background [2]. (b) 
Leptonic top quark mass distribution applying cut on the BDT output at 0.6 [2] 
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An alternative method to the direct determination of the top quark mass from the 
reconstruction of the top decay is the extraction of m, from the top-pair production 
cross-section, ozz. This method is already applied at the Tevatron [18] with uncer- 
tainties of 5.5—-6 GeV on the top quark mass. The dependence of o, on m,, needed 
for this measurement, was calculated at NLO [14, 15] and NNLO accuracy [16, 17]. 
At this level of theoretical accuracy, it turns out that the definition of m, as the pole 
mass is not safe with respect to the order of perturbation theory that is applied. A 
running mass with renormalisation scale, m(u,), is theoretically better defined since 
the top is a coloured object. QCD confinement prevents to extract the pole mass in 
the top-quark channel. The pole mass is usually converted into m(,) using the 
following NNLO relation [16]: 


2 
m= nen ( y S iy (=) a) (6.4) 
IU JE 


with u,-dependent coefficients dı and d2. If the cross-section predictions are com- 
pared to DØ measurements at the Tevatron of o7 = 8.184036 [18] one can 
extract a pole mass of 168.2 + 3.6 GeV [16] (The more precise CDF result of 
0; = 7.0 + 0.6 [19] is not used in the analysis). The MS mass, m(m), yields a 
lower value of 160 + 3.3 GeV, however, much more stable against contributions 
from higher order effects. These arguments need to be taken into account also for a 
more precise determination of m, from the top decay spectrum. Currently, improved 
LO and NLO Monte Carlo predictions are used to derive the pole top mass using 
template or other unfolding methods [20]. The renormalisation scheme must there- 
fore be much better studied and defined if top masses from top decay measurements 
and from top-pair cross-section data shall be compared or even combined. This is 
important in particular for the presumably more precise measurements at the LHC. 

In proton-proton collisions, top quarks are not only produced in pairs but also in 
single-top processes, where the electroweak t-channel production, gg —> q'+tb and 
qb — q't, dominates with o, = 246412 pb [21]. The Wr-channel, gb > b > Wt, 
is contributing with 66 + 2 pb [22] and the s-channel, gg’ —> W — tb, with 
11 + 1 pb [21]. Single-top production is especially interesting because the cross- 
section is directly proportional to the CKM matrix element |V;,|?. The backgrounds 
from tt, W + bb and W + jets are very difficult to reject. Multivariate analyses 
are therefore applied using variables like b-jet pr and n, AR between jets and 
leptons, mp , etc. Figure 6.5 shows the output of a so-called boosted decision tree 
(BDT) analysis [23] and the top mass spectrum for high purity events. Assuming 
L£ = 1 fb™!, a relative precision in the cross-section measurement of Ao/o = 
(5.6(stat.) + 22(syst.))% can be achieved. Systematic effects from b-tagging, jet 
energy scale, and PDFs contribute the most to the total uncertainty. Translated into 
a measurement of |V;,| one can derive A|V,,|/|Vi,| = (11(stat.+syst.) + 4(theo.))%, 
where the theory uncertainty takes strong scale and PDF dependencies into account. 
The estimated precision is very much compatible with the one obtained in about 
3 fb-! by the Tevatron experiments [24, 25], which yield, in case of the CDF 
measurement, |V,,| = 0.91 + 0.11(exp.) + 0.07(theo.). The s- and Wr-channels 
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are studied as well for the early LHC scenario, but a few fb~! will be needed to 
establish a signal with more than 3 standard deviations. 


6.4 Measurement of Triple Gauge Boson Couplings 


Similar to e+e~ colliders, the gauge bosons W, Z and y can be produced in pairs 
at hadron colliders like the LHC. Possible final states include all di-boson combi- 
nations, from which the most interesting are WW, ZZ, WZ, Wy, and Zy, since 
they may involve triple gauge boson couplings (TGCs). The generic lowest order 
Feynman diagrams are shown in Fig. 6.6. 

At a centre-of-mass energy of 14 TeV, the W-pair, WZ and Z-pair production 
cross-sections amount to 111.6, 47.8 and 14.8 pb [26], respectively, where the first 
also takes finite width effects of the intermediate bosons into account. These cross- 
sections are a factor 10 higher than at the Tevatron at ./s = 1.96 TeV. All di-boson 
processes have been observed at the Tevatron and cross-sections are measured, 
including ZZ production which has the lowest rate. The photons in Wy and Zy 
production are typically required to have high transverse energy with respect to the 
beam directions and large angle to the final state fermions from W and Z decays, 
to separate the di-boson process process from QED photon radiation. Asking for 
E% > 7 GeV and AR(f, y) > 0.7 yields cross-sections of 451 pb [27] for Wy and 
219 pb [28] for Zy production. 

Deviations from the Standard Model predictions due to anomalous TGCs are 
described with the same effective Lagrangian used in TGC analysis at LEP. The 
charged couplings terms, with couplings Cre Kz, Ky, ày and Az, are given in 
Eq. (3.47). The coupling structure of the neutral sector, detailed in Eq. (3.37), 
contains two anomalous couplings, f4 and fs. The terms beyond the Standard 
Model have the common characteristic to increase with momentum scale of the 
process. The resulting cross-section will therefore violate unitarity at some high 
scale A?, where new, yet unknown physics must set in to regulate this behaviour. To 
incorporate this potential extension of the Standard Model, a cut-off term is intro- 
duced in the anomalous parts of the couplings: 


7 Ag 
Ag) = ——], (6.5) 
(1+ x2) 
a wzy ā WZy g WiZ/y 
W/Z/y 
q W/Z/y q W/Z/y q W/Z/y 


Fig. 6.6 Lowest order Feynman diagrams for di-boson production at hadron colliders. The 
s-channel diagram (left) involves a triple gauge boson vertex, which may differ from the Standard 
Model coupling structure. In the Standard Model, only WWZ and WWy vertices are allowed at 
tree level 
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where g stands generically for one of the couplings listed above, and Ag describes 
its deviation from the Standard Model value. The cut-off scales with the ratio of 
four-momentum transfer $ to A?. For charged couplings the power n is chosen to 
be equal to 2, while for neutral couplings n equals 3. This compensates different 
powers of momenta in the interaction terms. 

The various di-boson final states have different sensitivities to the charged cou- 
plings due to the given coupling structure. The Ax, and Axz terms in WW pro- 
duction scale with di-boson mass squared, $, while it is only proportional to V3 in 
WZ and Wy production. Using the analogue argument, the WZ final state is more 
sensitive to Ag? than WW production. In case of A, and Az, the corresponding 
terms scale with ŝ in all WW, WZ and Wy channels. For this reason, the LHC 
experiments are expected to have an enhanced sensitivity to anomalous TGCs due 
to the high centre-of-mass energy of 14 TeV. 

For numerical evaluation of the LHC performance, the Monte Carlo programs 
BosoMC [27] and BHO [28] are used. These are accurate to NLO, and compare 
well to standard generators [2] if anomalous couplings are turned off. In case of a 
variation of neutral couplings in the ZZ channel, a pr dependent K-factor is applied 
to reach NLO accuracy. 

The selection of the di-boson events is concentrating on the final states where W 
and Z bosons decay leptonically: W —> £v and Z —> ¢+£~, where the leptons are 
either muons or electrons. The WZ —> ¢vét£~ events are characterised by three 
high pr leptons, two of the same flavour, and missing transverse energy due to the 
neutrino. The main backgrounds consist of ZZ —> €+é~£+£€~ events, where one 
lepton escapes undetected, of Z + jet/y, where the jet or photon is misidentified 
as a lepton, and of top-pair events with missing energy and three final state leptons 
coming from W and b quark decays. Strict cuts on a di-lepton mass window and a 
transverse mass formed with the third lepton and missing transverse energy consis- 
tent with Z and W mass, respectively, are applied. Events containing activity from 
hadronic jets are furthermore suppressed. In this way, a signal-to-background ratio 
of 7 with a number of signal events of about 50 in 1 fb™! of data are expected. This 
can be further improved by using multi-variate analysis (MVA) techniques [2]. 

Production of Wy events with sensitivity to WWy couplings are enhanced by 
the kinematic cuts mentioned above, which define the signal process. The selection 
follows mainly the standard W selection with additional criteria to identify isolated 
photons. Background from final state photon radiation and misidentified photons is 
however difficult to suppress. With optimised MVA analyses it is expected to find 
about 1,600 signal and 1,200 background events in 1 fb~! of data in the Wy —> evy 
channel. The selection of Wy — vy events is about 50% more efficient, similar 
to the inclusive W boson selection, listed in Table 6.1. 

Final states with W bosons are completed by the WW — ¢vév channel. Two 
isolated, high-p7 leptons above 25 GeV with opposite sign and measured in the 
central detector, |n| < 2.5, are require in the event selection. A jet veto reduces 
top-pair background, and a minimal E7"S > 50 GeV suppressed Drell-Yan pro- 
duction, Z/y* — 4*8. When the WW cross-section is measured, a cut on the 
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angle between the two leptons, Adee < 2, improves the purity. However, for TGC 
extraction it is more advantageous to require a minimal separation angle between 
the p’** vector and the momentum of the di-lepton system, Ad ptt pmiss > 175°. 
This retains more events in the high p{f and pj. range where the sensitivity to TGC 
is largest. The WW signal will be selected with a purity of better than 85%. When 
optimized for the cross-section measurement, 110 signal events are expected to be 
identified at an integrated luminosity of 1 fb~! [2]. In the TGC analysis the number 
is reduced to 75 signal events with the same amount of data. 

The production of Zy — £*£~y events, within the above mentioned signal 
phase space, can be rather cleanly separated from all backgrounds, except those with 
Z bosons and real or misidentified photons in the final state. The signature of two 
high- pr leptons and an isolated photon is identical. Photons outside the signal defi- 
nition are however mainly from final state radiation and thus not sensitive to neutral 
TGCs. When rather advanced MVA techniques are applied, signal-to-background 
ratios of 1.7-2.0 can be reached in both the di-electron and di-muon channel with 
about 370 and 750 events expected in 1 fb~! of data, respectively. 

The process with the lowest Standard Model production cross-section is the Z 
boson pair production. In an ATLAS study, the ZZ > été-eté~ and ZZ > 
L% 4 vv channels are analysed. The four-lepton final state is selected by identifying 
four isolated, high pr leptons which are combined to pairs of same flavour and 
opposite charge. The invariant mass of each lepton pair must be compatible with the 
nominal Z mass within about 20 GeV and the angular separation of the leptons is 
required to fulfil, ARe+e- > 0.2. Main background is from Zbb and tt events. For 
this reason, hadronic isolation criteria and proper identification of the production 
vertex of the leptons are important to suppress events with long-lived and lepton- 
ically decaying B hadrons. Eventually, the ZZ selection efficiency reaches 24, 41 
and 28% in the 4e, 4u and 2e2u channels. This corresponds to a signal expectation 
of 2.6, 4.5 and 6.2 events, again in the three channels and for 1 fb—! of data, with 
total backgrounds estimated to be below 0.3 events [2]. Relaxing the di-lepton mass 
requirement for one of the lepton pair and accepting also one off-shell Z boson 
increases the efficiency and signal expectation by about 20%, but also increases 
the background level to about 2 events. The ZZ final state is completed by looking 
for the ZZ — ¢*£~vv signal. These events are selected by asking for exactly two 
measured leptons of opposite charge and an Eo value above 50 GeV. Since the 
ZZ pair is produced with only small pr, the missing energy vector is pointing in 
opposite direction to the di-lepton momentum and is also of similar magnitude. 
Therefore, cuts on |E! — pZ| < 0.25p% and 145° < Pemiss — Pye < 215° 
efficiently suppresses background from WZ events. A jet veto and a minimal p% of 
100 GeV, reduces remaining top-pair and single-Z production. Eventually, a purity 
of 60% is achieved and the number of expected signal events amounts to about 10 
in a data sample of 1 fb~', combining the e+e~ vv and u* u` vv channels. 

The selected di-boson event samples will be used to measure the correspond- 
ing production cross-sections, and also to measure TGCs or to constrain anoma- 
lous contributions to them. When a total luminosity of 1 fo~! is assumed, a signal 
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significance of more than 5 standard deviations, typically even more than 10, are 
estimated in all channels, except ZZ —> 4+8- vv. For the latter, about 2.5 fo! of 
data will be needed to establish a signal significance above 5 ø. 

The main effect of anomalous TGC in di-boson production is an enhanced cross- 
section at high transverse momentum, pr, of the individual gauge bosons and at 
high transverse masses, my. To test the sensitivity to TGCs, a reweighting scheme is 
applied. Event samples with anomalous couplings are generated with the BHO and 
BosoMC Monte Carlo programs in one- and two-dimensional grids of the coupling 
values, with step sizes in the range 1074 to 107°. The differential transverse mass 
distribution or the pr spectrum of one of the bosons is chosen as a reference. Each 
event of the main Monte Carlo sample, generated with MC@NLO, is multiplied 
by the ratio of the non-Standard Model and the Standard Model expectations for 
do/dmr (or da/dpr) at a given generated mr (pr). The reweighted, reconstructed 
transverse mass distribution is then fit to the expected differential distributions deter- 
mined in many sets of Monte Carlo events, each corresponding to a given integrated 
luminosity. In this way, the expected sensitivity is derived. Each coupling is mea- 
sured in a separate fit, setting the others to their Standard Model values. Examples 
of such data sets and the effect of anomalous TGCs on the my spectrum are shown 
in Fig. 6.7 for the WZ and WW channels. 

The Tables 6.2 and 6.3 summarise the ATLAS expectations for the determination 
of charged TGCs for 10 fb~! of data and compares them to the LEP and Tevatron 
measurements. The results are based on the analysis of the mr or pr spectra in 
the different di-boson channels. Systematic uncertainties at the LHC are conserva- 
tively assumed to be in the order of 10% on the signal scale and 18% on the back- 
ground normalisation. In the WZ channel, a fit to the pr spectrum of the Z boson is 
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Fig. 6.7 (a) Simulated transverse mass distribution of the WZ system for an integrated luminosity 
of 30 fb~! [2]. The histogram shows the Standard Model expectation, including background. The 
data points are derived from a randomly selected sample of Monte Carlo events that corresponds 
to 30 fb~! of data. The dashed lines indicate the variation of the cross-section in the high trans- 
verse mass region for two different values of anomalous gauge boson couplings, Akz = 0.15 and 
Az = 0.02 (b) The same distribution for WW events with expectations for anomalous contributions 
assuming Ak, = 0.16 and Az = 0.16, reflecting the different sensitivity to the couplings compared 
to the WZ channel [2] 
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Table 6.2 Comparison of expected sensitivities to anomalous charged TGC between W and Z 
bosons at the LHC for an integrated luminosity of 10 fb~!. The projections are given for one 
experiment and the new-physics scale is chosen to be A = 2 TeV. The LHC expectations are 
compared to the combined LEP measurements [29] and the results of CDF [30] and D@ [31]. The 
Tevatron results are also evaluated for a A cut-off at 2 TeV 


Process (Observable) Limit on anomalous coupling at 95% C.L. 
AK A Àz Ag A 


LHC (ATLAS) expectation, f L£ = 10 fb! 


WZ (m7) [—0.10, +0.22] [—0.015, +0.013] —0.011, +0.034] 
Wy (p7) - - £ 
WW (mY [—0.04, +0.07] [—0.04, +0.04] —0.15, +0.31] 


LEP combined, f £ = 4 x 0.7 fb™! 
WW — — —0.051, +0.034] 


DØ, all channels combined, f £ = 1 fb™! 
Wy, WZ, WW — — —0.07, +0.16] 


CDF, f £ = 1.9 fb™! 


WZ > vete (p2) [—0.76, +1.18] [—0.13, +0.14 —0.13, +0.23] 
WZ > £vqg (p2) [—1.01, +1.27] [—0.16, +0.17] —0.20, +0.29] 


Table 6.3 Comparison of expected sensitivities to anomalous WWy couplings at the LHC for 
an integrated luminosity of 10 fb™!, again estimated for one experiment. The expectations are 
compared to the combined LEP measurements [29] and the results of CDF [31] and D@ [31]. The 
LHC projections and the Tevatron results are evaluated for a A cut-off at 2 TeV 


Process Limit on anomalous coupling at 95% C.L. 
(Observable) Ak, hy 


LHC (ATLAS) expectation, f £ = 10 fb™! 


WZ (m7) = = 
Wy (pr) —0.26, +0.07] [—0.05, +0.02] 
Ww (my) —0.09, +0.09] [—0.07, +0.17] 


LEP combined, f £ = 4 x 0.7 fb~! 
ww [—0.105, -+0.069] [—0.059, +0.026] 


DØ, all channels combined, f £ = 1 fb™! 


Wy, WZ, WW —0.29, +0.08] [—0.08, +0.08] 


slightly less sensitive. A combined multi-dimensional analysis would improve the 
final result but has not yet been performed. 

The LEP and Tevatron values, which are shown for comparison, are derived with 
the additional assumption of custodial symmetry, constraining Az and «z to: 
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kz = gf — tan’ Oy(k, — 1) (6.6) 
Az = Ary. (6.7) 
Setting g = 0, the first condition is equivalent to Akz = — tan? OwAKy ~ 


—0.30Ax,. This enhances the sensitivity of the LEP data to these couplings since 
s-channel exchange of both Z and photon is involved in ete~ — WW production. 
The coupling limits measured at the Tevatron are similarly improved by the symme- 
try assumption since the Wy, WZ and WW final states are combined. Furthermore, 
the LEP results do not take any scale dependence of the couplings into account and 
the couplings are thus given in the limit of zero energy scale, which is equivalent to 
setting the new-physics scale A to infinity. Applying a luminosity-averaged scale, 
/Siep, of about 196 GeV and a cut-off A = 2 TeV would increase the LEP uncer- 
tainties on charged couplings by +2% and in case of neutral couplings by +3%. 
The summary Tables 6.2, 6.3, and 6.4 show that due to higher di-boson masses 
reached at the hadron colliders, the LEP results will be improved in future, first by 
the Tevatron experiments when the final expected data set of at least 2 x 8 fb™! 
will have been analysed, and later by the LHC. ATLAS and CMS will then profit 
from an even higher centre-of-mass energy and from the fact that the prospects for 


Table 6.4 Comparison of expected sensitivities to anomalous neutral TGC at the LHC for an 
integrated luminosity of 10 fo~! analysed by one experiment using A = 2 TeV. The expectations 
are compared to the combined LEP measurements [29] and the results of CDF [30]. The Tevatron 
limits are evaluated for a A cut-off at 1.2 TeV 


Process Limit on anomalous coupling at 95% C.L. 
(Observable) f7 fe fa f 


LHC (ATLAS) expectation, f L£ = 10 fb7 


ZZ (p2) [—0.009, +0.009] [—0.34, +0.38] [-0.17, +0.19] 0.011, +0.010] 


LEP combined, f £ = 4 x 0.7 fb7! 
ZZ [—0.30, +0.30] [—0.34, +0.38] [—0.17, +0.17] [—0.32, +0.36] 


CDF, f £ = 1.9 fo“! 


ZZ [—0.12, +0.12] [—0.13,+0.12]  [—0.10,+0.10] [—0.11, +0.11] 
h hý h% h% 

LHC (ATLAS) expectation, f £ = 10 fb~ 

Zy (pf) = = = = 


LEP combined, f L= 4 x 0.7 fb! 


Zy [—0.20, +0.07] [—0.05, +0.12] [—0.049, +0.008] [—0.002, +0.034] 


CDF, f £ = 1.1 — 2.0 fb7! 
Zy [—0.083, +0.083] [—0.0047, +0.0047] [—0.084, +0.084] [—0.0047, +0.0047] 
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the integrated luminosity are in the order of several 100 fb~!. Deviations from the 
Standard Model couplings at the per-cent level or below will be accessible. The 
LHC estimates presented here are expected to improve further with more involved 
analysis techniques — a good understanding of the detector and of the measured data 
provided. Therefore, the sensitivity to possible new physics at the multi-TeV range, 
manifesting itself in terms of modified gauge boson self-couplings, is excellent at 
the LHC. 


6.5 Prospects for the Weak Mixing Angle 


The study of electron and muon pair production at the LHC allows a measurement 
of the forward-backward charge asymmetry, similar to the precision measurement 
performed at LEP at Z peak energies. The hard scattering process, qq > Z/y* > 
£*+£-, is the inverse of the LEP reaction, when setting £ = e. In the qq rest frame the 
differential cross-section is therefore given by Eq. (1.62) which can be simplified to: 


do(qg > £0) 
dcos@ 


x G (d+ cos? 0) + App cos 0) 5 (6.8) 


with the scattering angle, 0, of the lepton with respect to the incoming quark and 
with the forward-backward asymmetry, App, defined in the usual way: 


do do 

+1 0 

Arp = h ana Ja deosg t °°" ce ee (6.9) 
fre do dcos 0 FE ETE 
=! dcosé 


From a measurement of App, the weak mixing angle, sin? Gi can be extracted. 
This is particularly interesting because the LEP and SLC data show some differ- 
ence between the mixing angles measured in leptonic and hadronic final states (see 
Chap. 4). A similar precision as LEP/SLC of ô sin? ae ~ 2 x 1074 or better is 
therefore the ultimate goal. Currently, the Tevatron experiments reach accuracies 
of ô sin? 0fy = 1.9 x 107° [32] using about 1 fb™! of data, mainly dominated by 
statistical uncertainties and fully compatible with the LEP results. 

The Apg measurement also gives a handle to constrain new physics beyond the 
Standard Model, like additional heavy vector bosons. Their existence may alter Afg 
in regions of invariant lepton pair masses which are below the mass of the new 
vector boson due to interference effects [33]. 

At the LHC, the scattering angle is not identical to the angle of the lepton with 
respect to the beam axis because the qq system is not produced at rest and carries 
transverse and longitudinal momentum with respect to the beam directions. The 
transverse momentum leads to an ambiguity when calculating the quark and anti- 
quark momenta from the kinematics of the £*€~ system. The scattering angle is 
therefore determined in the Collins—Soper frame [34] which reduces this ambiguity. 
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The particle four-momenta are Lorentz boosted into the €*€~ rest frame and the 
polar axis is chosen to be the bisection of the two proton momentum vectors. The 
scattering angle, 0*, with respect to the polar axis is then given by [35] 


P 2 
cos6* = — 
[PL] p2 | P2 + P2 


with the four-momentum, P, and the transverse and longitudinal momenta, Pr and 
P_, of the lepton pair. The quantities P7 = (Ei + pLi) (i = 1, 2) are calculated 
from the energies, E;, and longitudinal momenta, pz., of the lepton and the anti- 
lepton. The cos 6* distribution, expected for the ATLAS experiment, is shown in 
Fig. 6.8. 

The sign of cos 6*, respectively the quark direction, can only be inferred indi- 
rectly in pp collisions. This is different from the situation at pp colliders where the 
quark can be identified with one of the valence-quarks of the proton, and the quark 
and proton beam directions are thus the same. At the LHC, the quark is assumed 
similarly to be a valence-quark of the proton and sea contributions are small if the 
£*£~ pair is not produced centrally. The anti-quark, however, is necessarily from the 
sea-quarks inside the proton. It carries therefore a much lower momentum fraction 
than the quark in the qq reaction. Under these assumptions, the quark direction is 
preferably oriented along the direction of the boosted Z/y* system [36]. In particu- 
lar, the sign of the longitudinal component of the lepton-pair momentum indicates 
the hemisphere of the quark direction, which is taken into account by the additional 
factor P,/| P| in Eq. (6.10). 

For a precise measurement of the charge asymmetry, a large angular coverage 
of the detector is necessary. In an ATLAS study [2], electron pairs identified in the 
central (|n| < 2.5) and forward (2.5 < |n| < 4.9) calorimeters are used. Muons 
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Fig. 6.8 (a) Distribution of cos 0* for reconstructed electron pair events in the Z pole region [2]. 
The monte carlo events are generated with the PYTHIA [37] program and passed through the 
ATLAS detector simulation. (b) Simulated rapidity distribution of ete~ pairs [2]. The upper line 
shows the distribution for all events, the lower line only events with correctly reconstructed quark 
direction 
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are not being studied since the corresponding detector acceptance is restricted to 
|n| < 2.7 only. 

The electrons are required to pass pr thresholds of about 20 GeV. To identify 
the charge and the direction of the e~, respectively e*, at least one of the electrons 
must have a corresponding track measured in the inner tracking detectors. Shower 
shape criteria optimised for central and forward electrons improve the purity of the 
selected event sample. The mass of the reconstructed et e~ system is restricted to the 
Z mass region, |V P2 — Mz| < 12 GeV. Small missing transverse energy reduces 
background with neutrinos in the final state. The rapidity of the e*e~ pair should not 
be central, |Ye+e-| > 1, to suppress qq reactions of only sea-quarks and to increase 
the probability of a correct identification of the quark direction, as illustrated in 
Fig. 6.8. Main backgrounds are QCD di-jet, W+jet, and tt events. The background 
events contribute at most with 0.3% to the final sample, mainly in the configuration 
with one central and one forward electron. 

If the ete” mass interval is restricted to the Z pole region, the dependence of 
the forward-backward asymmetry on sin? Ofe can be well approximated by a linear 
function [38]: 


Arp = b (a — sin? Ofe) , (6.11) 


with parameters a and b which include radiative corrections and depend in partic- 
ular on the parton distribution functions. At LHC energies of 14 TeV and using the 
PYTHIA Monte Carlo interfaced to PDFs provided by the MRST group [39] one 
obtains a = 0.23 + 0.03 and b = 1.83 + 0.26 [2]. Using the above formula, the 
weak mixing angle can be directly extracted from App. 

The measurement of the charge asymmetry may be altered by systematic effects 
which are studied as well. The uncertainty on the charge determination can be 
derived from the number of electron pairs in the Z peak region which are measured 
with charges of equal sign. The expected charge misidentification rate is small, up to 
a maximum of 0.015 at |n| = 2.5, decreasing with smaller pseudo-rapidity values. 
It results in an uncertainty on Apg of about 3 x 1075. Experimental uncertainties 
on energy scale, energy resolution, and reconstruction efficiency contribute with 
4 x 1075 to the systematics. Since the background rates are small in the Z peak 
region, the corresponding uncertainty is below 1075 on App. The total systematics 
is therefore on the level of 5 x 1075, to be compared with the expected statistical 
precision of 5Arg ~ 3 x 1074 calculated for a total luminosity of 100 fb~!. This 
corresponds to 2-3 years of high-luminosity running of LHC. 

Applying relation (6.11) the weak mixing angle is derived from the Arg measure- 
ment. Due to the factor b ~ 1.8 the uncertainties on sin? Of are practically halved 
with respect to those of Apg. The expected statistical precision is therefore in the 
order of 1.5 x 1074. The dominant systematic effect is however not one of those 
discussed above, but the uncertainties on the PDFs which are used to relate App to 
the underlying theory. The systematics is estimated by running the event simulation 
with different MRST data sets representing the uncertainties assigned to the PDFs. 
This yields an uncertainty of about 2 x 1074 on sin? Ge. The systematic uncertainty 
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on the parton distributions inside the proton is also the dominant systematic effect 
in the corresponding measurement of sin? 65. at the Tevatron [32, 40]. 

Improving the knowledge on the event modelling is therefore an important ingre- 
dient to control and possibly reduce the systematic effects on the weak mixing angle. 
In addition, higher order QCD corrections at NLO and beyond need to be applied 
to the signal prediction, which can be obtained, e.g., by event reweighting [32]. The 
LHC experiments will be able to perform a measurement of sin? Ofe competitive 
with the LEP/SLC results if experimental and theoretical uncertainties can be mas- 
tered. The large data sets will help to study these in great detail by using different 
control and physics samples, for example W — ev events which may be used to 
narrow down the shape of the PDFs (see Chap. 1). 


6.6 Prospects for Electroweak Measurements at the LHC 


In summary, assuming a reasonable performance of the ATLAS and CMS detectors, 
many electroweak parameters will be measured more precisely. The experimental 
challenges in the top and W mass measurements are similar to those experienced at 
the Tevatron. High luminosity runs will help to reduce systematics by either study- 
ing the different sources better or by constraining the data sets to phase space regions 
which are less affected by those. This will also lead to a new precision measurement 
of the weak mixing angle. Due to the higher centre-of-mass range, improved deter- 
minations of the triple-gauge boson couplings will be possible. The LHC data will 
therefore push the experimental tests of the Standard Model predictions to even 
higher precision. 

On the other hand, new physics may be discovered in this indirect way. Due to 
the LHC potential to observe new effects directly, like super-symmetric particles 
or heavy vector bosons, the precision measurements may be linked and compared 
with the new theoretical models which may manifest in proton-proton collisions at 
14 TeV. But even if the Standard Model does not need to be extended in the energy 
range reached at the LHC, the Higgs boson should be detected by the LHC experi- 
ments, as the last missing building block of the Standard Model and manifestation of 
electroweak symmetry breaking. The indirect and direct Higgs mass determination 
could then be compared again as a further proof or disproof of the consistency of 
the theoretical model. The search for the Standard Model Higgs boson at the LHC 
is thus very important and subject of the following chapter. 
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Chapter 7 
Higgs Physics at the LHC 


The search for Higgs bosons is one of the main goals of the LHC physics program. 
In the Standard Model there is only one neutral Higgs boson predicted. Super- 
symmetric extensions of the Standard Model require at least two Higgs doublets 
which manifest as three neutral and two charged Higgs bosons. In the following 
chapter, mainly the search for the Standard Model Higgs boson and the possibilities 
to measure its properties at LHC are described. The latter subject is however also 
relevant for the possible discovery of more than one neutral Higgs particle, since 
these are expected to differ in mass, coupling structure and CP properties. 


7.1 Standard Model Higgs Searches with ATLAS and CMS 


The search for SM Higgs bosons [1] is one of the primary goals of the LHC 
experiments. Present direct search results for the SM Higgs exclude masses, My, 
below 114.4 GeV [2] and My values in the range 160-170 GeV at 95% C.L. [3]. 
Global Standard Model analyses of electroweak data prefer Higgs mass values 
below 186 GeV [4], as discussed in Chap. 4. In the given mass range, the SM 
Higgs is mainly produced through gluon—gluon fusion, gg — H, where subsequent 
H —> yy, H > ZZ — 4€(€ =e, pw) and H > WW — €vév, qq£v decays are 
analysed. Figure 7.1 compiles the SM Higgs branching fractions and cross-sections 
for ,/s = 14 TeV. They show that the two-photon decay can only be explored up 
to Higgs masses of about 120 GeV, while di-boson decays start to have a significant 
rate below the di-boson mass threshold. The t-channel vector-boson-fusion (VBF) 
process has a much lower production rate. However, it has experimentally useful 
signatures due to the event kinematics with two forward quark jets, suppressed cen- 
tral jet production and a central Higgs decay. In VBF, Higgs decays to WW and 
ttt are studied. In the very low Higgs mass region, H — bb dominates, but is 
only detectable in Higgs-Strahlung from a tt pair, leading to a ttH — ttbb final state. 

The search for gg — H — yy is very challenging. The di-photon qq, qg — 
yy + X and gg — yy backgrounds are irreducible and dominate the spectrum 
together with the QCD two-jet background with misidentified jets. Only a good 
mass resolution helps to identify the Higgs signal, as shown in Fig. 7.2 for simulated 
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Fig. 7.1 (a) SM Higgs branching fractions as a function of the Higgs mass, My [5]. (b) Cross- 
sections of different SM Higgs production modes at the LHC using NLO calculations [5]. 


ATLAS data. Since there is a significant amount of material in the ATLAS detectors 
in front of the LAr calorimeter, reconstruction of photon conversions is necessary. 
Some 57% of the selected events have at least one conversion at a radius smaller than 
80 cm from the interaction point. The single and double track conversion reconstruc- 
tion recovers those photons with efficiencies between 40 and 90% depending on the 
conversion radius. 

The photons are reconstructed in the electromagnetic calorimeter as clusters 
combining energy depositions in LAr cells in given An x A@ areas. In the LAr 
barrel region, |n| < 1.37, the cluster sizes cover 3 x 7 cells of the middle layer of the 
calorimeter in case the photons are tagged as converted, while unconverted photons 
are identified as 3 x 5 clusters. In the LAr endcaps, 1.52 < |n| < 2.37, a single 
cluster size of 5 x 5 is chosen. Shower shape and and measurement of energy leakage 
in the first compartment of the Tile Calorimeter, as well as °° rejection in the LAr 
strips are used to reject hadronic background. The detection efficiency of photons 
with pr > 25 GeV is about 83% when low-luminosity pile-up at 10°? cm~?s7! 
is included. Furthermore, isolation from nearby tracks improves the rejection of 
hadronic jets to a factor of about 8,000 [5]. 

Also the primary vertex reconstruction is important since it influences the cal- 
culated Higgs mass. Due to the high granularity of the multi-layer calorimeter, 
the cluster bary-centres provide information about the direction of impact of the 
photons. Combined with a primary vertex constraint of the tracking system, the 
H — yy decay vertex can be measured with a resolution of about 0.1 ym. 

The mass resolution obtained after applying the full reconstruction of the H —> 
yy decay is better than 1.5% which is illustrated in Fig. 7.2. The effect of the photon 
triggers is already included. These are efficient to more than 94% for di-photon 
pr thresholds of 17 GeV. Here, the offline event selection is taken as a reference 
which requires that the photons are detected within the fiducial volume of the LAr 
calorimeter excluding the low-efficiency gap between barrel and endcap, and that 
the pr of the two photons is larger than 25 and 40 GeV, respectively. 

The expected performance of the inclusive Higgs boson detection is evaluated 
within a mass window of +1 o around the peak value, where o is the mass 
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Fig. 7.2 (a) Di-photon invariant mass spectrum after the application of cuts of the inclusive analy- 
sis, without additional requirements on jets, E ims or leptons [5]. (b) Invariant mass distribution for 
photon pairs from H — yy decays with My = 120 GeV after trigger and identification cuts [5]. 
Events with at least one converted photon are displayed as the shaded histogram 


resolution. For a Higgs mass of 120 GeV, the accepted cross-section for the sig- 
nal is 25.4 fb, combining gluon-fusion production, vector-boson fusion, ttH and 
W4#H/ZH associated production. The background amounts to 950 fb, dominated by 
the irreducible QCD di-photon processes (53%) and by y+jet production (33%). 
This shows that a very good performance and resolution of the LAr calorimeter will 
be important not to miss the H —> yy signal. 

The signal-to-background ratio can be further improved to about 1/10 and 1/2 by 
requiring one or two additional jets, respectively, because the leading jet in gg > 
H + jet and VBF production tends to be harder than for the di-photon background 
process. This reduces the accepted signal by factors 5 and 25, though. Other search 
strategies require E£ miss or E piss + lepton signatures, which enhances the associated 
production WH, ZH, ttH with respect to the background. The signal cross-sections 
are however below 0.01 fb, which means that these channels become significant 
only if a larger amount of data, several hundred fb~', will be collected. 

A similar performance is also achieved by the CMS experiment. The details of 
the measured photon shower shape in the CMS crystal calorimeter in different n 
ranges is used to divide the data into performance categories. By optimising the anal- 
ysis using cut-based and neural network criteria for photon selection and hadronic 
isolation, signal-to-background ratios close to 1/1 can be achieved in some of the 
event categories [6]. 
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Another benchmark channel, where well performing calorimetry is essential, 
is the H —> ZZ — 4€ channel. Here, high pr electrons and muons are trig- 
gered on, and four leptons compatible with two Z decays, possibly off-shell, are 
selected. Electrons are reconstructed as clusters in the electromagnetic calorimeters 
matched to tracks in the inner detector. Shower shape and track quality criteria are 
applied. Isolation from hadronic activities is important to reject Zbb > 4£ + X 
and tt —> 4£ + X production. Muons are detected in the muon spectrometer and 
a combined reconstruction with inner detector tracks is performed. Also here, iso- 
lation criteria rejecting muons with nearby tracks and clusters are used to reduce 
background. Both electrons and muons may be produced by B meson decays with 
vertices displaced from the primary vertex. To enhance the Higgs signal and reduce 
background with b quark content, cuts on the impact parameter are applied to muons 
and electrons. Eventually, lepton pairs of opposite charge, ete~ and utu”, are 
are combined and the H —> ZZ — 4€ decay is fully reconstructed. The trig- 
ger efficiency for the four-lepton final states are typically above 98% compared to 
the offline event selection since either single-lepton triggers with pr thresholds of 
about 20 GeV and isolation criteria or two-lepton signature with lower thresholds of 
10-15 GeV with and without isolation are selecting the signal events. 

The continuum ZZ production represents the largest background in this channel. 
In the final step of the analysis, the invariant mass calculated from the four-momenta 
of the final state leptons is the main observable used to reject this background. The 
mass resolution is found to be below the 2% level in ATLAS for Higgs masses 
smaller than 200 GeV. Figure 7.3 shows the reconstructed mass peak in a data 
sample of 30 fb~!. At lower luminosities of around 1 fb~!, additional QCD jet, 
weak boson, and photon production backgrounds become important because ded- 
icated studies are needed to control the systematics uncertainties related to those 
background sources. The reduction and control of the ZZ continuum systematics 
is however primordial [7] and will require a good understanding of the detector 
performance and resolution with first data. The signal significances expected for the 
ATLAS analyses [5] in the H — ZZ channels are summarised in Fig. 7.3. The 
highest significances are obtained in the Higgs mass regions between 130 GeV and 
160 GeV as well as between 200 and 500 GeV. The gap is mainly due to the rising 
ZZ continuum cross-section at about twice the Z boson mass. 

In the mass range between 150 and 180 GeV the Higgs boson decays nearly 
exclusively to W-boson pairs. It is studied for both gluon-fusion, H — WW — 
evuv without additional jets, and vector-boson fusion production, qH — qqWW —> 
qqevuv and qqH —> qqWW — qqqq£» with additional jets in the forward region. 
The former is largely dominating but requires the rejection of final states with two 
leptons and missing energy, like W-pair, W+jets, tt, Z —> ttt and heavy quark 
pair-production. For the latter, the same background sources are important, but the 
identification of two hadronic jets with a pseudo-rapidity gap of |Anj;;| > 2.5 and 
a central jet veto further reduces those. This is due to the special VBF kinematics, 
as discussed in Chap. 1. To control the tt background a veto on b-jets is furthermore 
applied under the condition that the performance of the b-tagging algorithms is well 
understood. 
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Fig. 7.3 (a) Reconstructed 4-lepton mass for SM Higgs signal and background, which is mainly 
from ZZ continuum production [5]. (b) Expected signal significances in the H — ZZ channel, 
computed using Poisson statistics, for each of the three final states, and their combination [5] 


Figure 7.4 summarises the ATLAS expectations [5] for the SM Higgs discovery 
potential with 10 fb~! and the possible exclusion for 2 fb~! of data. The most sen- 
sitive mass range is around 160 GeV. However, this mass range is currently already 
well tested by CDF and D@ [3]. An exclusion or first evidence for a SM Higgs 
signal will most probably be in experimental reach of the Tevatron experiments 
before ATLAS or CMS have collected enough data to become sensitive in this mass 
range. 

In the Higgs mass interval 114.4 GeV < My < 120 GeV, a discovery is most 
challenging and more luminosity may be needed. Higgs decays to bb dominate but 
are practically impossible to detect with sufficient significance in direct production 
due to overwhelming QCD background. Associated production of Higgs bosons in 
the ttH, ZH and WH channels provides additional signatures to identify the sig- 
nal process. Higgs production with top pairs is studied by selecting events with 
at least 4 b-jets, two from the Higgs decay and two from the t—>bW decays, and 
identified hadronic or leptonic W decays. The main background source is QCD 
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Fig. 7.4 (a) The median discovery significance for the various Higgs decay channels and their 
combination for £ = 10 fb~! in the low My region [5]. Requiring significances above 5 translates 
into a possible discovery of the SM Higgs for My > 126 GeV. (b) The median p-value obtained in 
a profile likelihood analysis [5] for excluding a Standard Model Higgs boson (u = Gexctuded/OSM = 
1) for the various channels, as well as the combination for the lower mass range. Assuming £L = 
2 fo~! and asking for p > 0.95, it will be possible to exclude the existence of the Standard Model 
Higgs boson in the mass range 115 GeV < My < 480 GeV 


and electroweak ttbb production, but also tt events with additional hadronic jets 
not from B decays. They remain irreducible because requirements on mass win- 
dows for the reconstructed W and top decays only reduce other backgrounds effi- 
ciently. Eventually, signal significances in the order of 0.5 — lo are obtained with 
30 fb7! of data [6, 5], depending on the systematic uncertainties assumed. These 
are mainly driven by b-tag performance and b-jet misidentification rates, as well 
as energy scales for leptons, jets and missing transverse energy. Estimations of total 
background uncertainties, including predictions of the corresponding cross-sections, 
are in the order of 30%. 
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Promising results [8] are obtained in the WH—> £v + bb and ZH—> ¢+é~ + 
bb, vd+bb channels using a dedicated identification method of the H — bb system. 
If the Higgs boson is produced with large transverse momentum, pr > 200 GeV, 
and back-to-back to the gauge boson, background from tt and QCD events is sup- 
pressed. The boosted H — bb decay is however difficult to detect since the b- 
jets are merged into a single jet if classical jet-cone algorithms are applied. The 
jet substructure can however be further resolved, for example, by applying the 
Cambridge/Aachen [9] clustering algorithm. It is based on angular distances in 
AR = \/(An)? + (A¢)* between two clusters and iteratively merges objects close 
in angular space until all AR are larger than a given parameter Reut. To resolve 
the jet substructure the last steps of the jet clustering are undone, until the jet that 
was formed last splits into two jets of nearly equal mass. The last condition should 
suppress soft gluon radiation. If both jets were tagged as a b-jet the event is con- 
sidered to be a Higgs candidate. After having identified the bb system, the Cam- 
bridge/Aachen algorithm is repeated with a finer resolution parameter to resolve 
also a possible third jet from final state QCD radiation. The accompanying gauge 
boson decays are identified according to their two-lepton, one lepton and E miss or 
large E mips signatures. Events with other jets or leptons with large py in the central 
detector region, |n| < 2.5 — 3, are rejected. Eventually, one obtains a sufficient 
Higgs mass resolution and background suppression with signal significances in the 
order of 4—6 standard deviations for Higgs masses of My © 115 GeV. 

Figure 7.5 shows the reconstructed H —> bb(g) mass spectrum for all WH and 
ZH channels combined. B-tag efficiencies of 60% and a mistag probability of 2% 
are furthermore assumed. The dependence of the final significance on these param- 
eters, as well as on the minimal pr of the Higgs is also indicated in Fig. 7.5. The 
significance decreases with increasing Higgs masses, increasing Higgs pr and 
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Fig. 7.5 (a) Reconstructed H —> bb(g) mass spectrum in the combined WH and ZH search 
channels, expected for an integrated luminosity of 30 fb™! and a LHC centre-of-mass energy of 
14 TeV [8]. (b) Combined WH and ZH signal significance as a function of Higgs mass, of the 
minimal pr of the H — bb(g) system, and of the b-tagging efficiency and mistag rate [8] 
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Fig. 7.6 Signal significance as a function of the Higgs boson mass for an integrated luminosity 
of 30 fb™! for different Higgs boson production and decay channels as expected for the CMS 
experiment [6] 


increasing b-mistag rate. The performance is however better than expected for the 
ttH channel and very promising in the low Higgs mass region, which is preferred by 
fits to electroweak data. 

In general, with the full data set of ATLAS, the SM Higgs can not escape detec- 
tion. The performance of CMS is quite similar, as shown in Fig. 7.6 and both LHC 
experiments will cross-check each others findings. The LHC data will eventually 
give the definitive verdict about the SM Higgs boson. 


7.2 Determination of Higgs Boson Properties at the LHC 


Once a Higgs boson has been discovered a determination of the particle properties 
will be needed to verify their consistency with the Standard Model predictions. By 
analysing the mass spectrum, the cross-sections and branching fractions, the Higgs 
mass, width and the Higgs couplings can be measured. The detailed production and 
decay kinematics will give a handle to determine the spin of the discovered particle 
and its CP properties. 


7.2.1 Measurement of Mass, Width and Couplings 


The first parameter which will be know at the moment of the discovery of the Higgs 
boson is its mass. However, the corresponding precision varies with Higgs mass and 
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Fig. 7.7 (a) The determination of the Higgs mass is best in the H —> yy and H —> ZZ decay 
channels since the full final state can be reconstructed and the decay spectrum is measured with 
good resolution. (b) The measurement of the Higgs width is also derived from the reconstructed 
Higgs decay spectrum. Because of the small physical Higgs width the experimental data will only 
be able to measure l y for Higgs masses above ~ 200 GeV. The corresponding simulated perfor- 
mances are shown for the CMS experiment [6] 


accessible decay channels. As can be seen in Fig. 7.7, the combined H —> yy and 
H — ZZ channels cover the mass range above © 115 GeV. Other final states, like 
H — WW, suffer from missing energy in the final state and a direct determination 
of the Higgs mass is not easily possible. The relative mass resolution in the yy final 
state is about 1% [5, 6] for both ATLAS and CMS. Applying a likelihood method, 
the Higgs mass can be determined in this channel with a statistical precision below 
0.2% using 30 fb~! of data [6]. 

To estimate the precision on the My determination in the ZZ final state, a simple 
Gaussian shape of the peak is assumed and the relative statistical uncertainties are 
calculated as omy = Ogauss/ /Nsg and or u = Fgauss//2Ns5, with the number of Higgs 
signal events, Ns, in the mass peak interval [6]. This results in uncertainties below 
1% on My for Higgs boson masses up to 500 GeV, and 5-50% on Ty, again for 
30 fb~!. Such a measurement will put the Standard Model to a very important test. 
A result which is not in the favourable low-mass range would imply a break-down 
of the theory at higher energy scales (see Chap. 1). 

In an ATLAS study [10] also a possible scenario for the measurement of the 
Higgs couplings to fermions and bosons has been evaluated. According to Eq. (1.35), 
they are given by 


= — x = —; = 5 8u = , 7.1 
sw= >, 82=5,° 84 J 8 7 (7.1) 


for the W and Z bosons, and up- and down-type fermions. Starting from the mea- 
sured product of cross-section and branching fraction in the different channels, 
shown in Fig. 7.8, one can derive eventually also absolute values of the couplings. 
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Fig. 7.8 (a) Expected precision, including systematic uncertainties, on the measurement of the 
product o x BR for the different Higgs decay channels. (b) From these, the absolute values of the 
couplings of the Higgs to fermions and bosons can be derived [10] 


This requires however a series of additional assumptions. Under the condition that 
there is only one CP-even and spin-0 Higgs boson, only Standard Model couplings, 
and visible branching ratios which follow the Standard Model predictions, the abso- 
lute measurement is possible. The result obtained in this restricted scenario is shown 
in Fig. 7.8. Relaxing the last requirement on the branching fractions, only ratios of 
Higgs boson couplings are accessible. 


7.2.2 Measurement of Spin and CP Quantum Numbers 


Most interesting will be the study of the intrinsic properties of the Higgs boson, 
like its spin and the CP properties. The Standard Model Higgs boson is a scalar 
particle with positive parity and charge conjugation eigenvalues, P and C, shortly 
noted as JPC = 0**. These parameters can be measured in Higgs production [11] 
and decay [12] separately. For a quantitative estimate of the sensitivity, the Standard 
Model Lagrangian is usually extended to include anomalous contributions. They 
can be from CP-even and CP-odd couplings, CP-violating mixtures of these [13], 
or from couplings with a Higgs spin structure different from J = 0. CP violation in 
the Higgs sector would be a striking sign for physics beyond the Standard Model. 
Indeed, the strength of CP violation of the SM, observed only in the K 0_ K? 
and B° — B° systems to date and described by the CKM mixing matrix [14], is 
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not sufficient to explain the baryon/anti-baryon asymmetry in the universe [15]. 
An additional source of CP violation beyond that of the SM may be needed. An 
extended Higgs sector together with CP-violating super-symmetry (SUSY) is one 
possible option of physics beyond the SM that may explain the baryon asymme- 
try [16]. The measurement of the properties of the Higgs sector and any possible CP 
violation in Higgs production or decay will be an important question which can be 
answered once a Higgs boson is discovered [17]. 

To include different CP structures, the Standard Model HVV vertex function 
which couples the Higgs field to the vector boson fields, T=” = (2My/v)g"”, is 
generalised to the tensor [18, 12]: 


T™ = ai(qı, qs” + arg. q2) [q1 qg” — 4543 | 
+43(q1, q2)€"” qipq20 (1.2) 


The Lorentz-invariant form factors, a;, depend on the four-momenta of the weak 
bosons, qı and q2. The factor a; of the first CP-even term appears already in the 
SM at tree level. The CP-even coupling a and the CP-odd coupling a3 are from 
higher dimension operators [19, 20, 18]. They appear first at dimension-5 level and 
the effective Lagrangian may be written as [18]: 


HWW gem 

HWE woe 4 220 

5e ia 2Aso 

HZZ HZZ 
HZ, Ze” + 850 

2Ase 4450 


H € pvpo W99 WH” 


Hepp Z Z , (1.3) 


where the Asejo define the energy scale of the effective theory. The anomalous cou- 
plings are then given by 


2 2 
angi, qp) = -—— 8" ; alqi, q) = -—— (7.4) 
Ase Aso 
and 
= 2 HWW . _ 2 HWW 
an(q1, 92) ==- g; y B91, G2) = ——— 8 (7.5) 
Ase Aso 


for the HWW and HZZ vertex. If one assumes the relative strength of W and Z 
contributions to behave like in the Standard Model, one can additionally require 
Bein = cos? Over,” - Setting a; =0 and assuming a Higgs mass of 120 GeV, Higgs 


production rates similar to those in the SM are obtained with Asejo ~ 480 GeV if 
only CP-even or only CP-odd couplings are active ( gi b= 1, gë vA = 0). 
Constraints on these couplings were already set at LEP by the L3 experi- 


ment [21]. In the LEP analysis a different effective theory based on dimension-6 
operators was used [22-24], and CP-odd terms were neglected: 
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where g2 is the SU(2)z coupling constant. One can identify both sets of CP-even 
couplings using the relations: 


glZZ = Ma (d cos? Ow + dg sin? Ow + Agy cos 20w + Aky tan? Oy) (7.7) 


gEWW = Wee (a M ac) : (1.8) 
Mw 


The anomalous couplings Ag? and Ax, have already been studied in the analysis 
of W-pair production at LEP since they also describe possible deviations of the 
triple-gauge-boson couplings of W bosons with photons and Z bosons [23]. Their 
measurement inete~ — WW events was presented in Chap. 3 and they were found 
to be in very good agreement with the SM expectations. In the general HVV vertex, 
the additional couplings d and dg [22] appear. Here, their effects on the Higgs sector 
shall be further discussed. 

The existence of Hy y and HZy couplings would actually lead to large H > yy 
and H — Zy branching fractions, which, at tree level, are zero in the Standard 
Model. These decay modes have complementary sensitivities to the different cou- 
plings. In addition, the decay H — WW? would be enhanced in the presence of 
anomalous HWW couplings. This was studied by L3 [21] by interpreting the Higgs 
search results in the ete~ — HZ channels in H — ff and H — yy final states 
and by extending the signatures to ete” > Hy with H > yy, H —> Zy, and 
H — WW), as well as to the boson-fusion channel ete~ —> ete” H > ete-yy. 
The results are shown in Fig. 7.9. For Higgs masses up to about 100 GeV any 
anomalous contributions to the HVV vertex are excluded, also for the Ag? and 
Ak, parameters not shown in the plot. For masses between 100 and 170 GeV, d and 
dg couplings larger than 0.5 are found to be incompatible with data at 95% C.L. The 
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Fig. 7.9 Regions excluded by L3 [21] at 95% C.L. as a function of the Higgs mass for the anoma- 
lous couplings: (a) d, (b) dg, always setting the other respective couplings to zero 


(My dependent) limits on Ag? and Ax, are less stringent than those from the TGC 
measurements, which are an order of magnitude more sensitive. 

Eventually, one can convert the L3 measurements into constraints on the HVV 
couplings, which yields [11]: 


gl e [-0.78, 0.73]; 95,74 e [—0.63, 0.55] for My = 120 GeV 
gf74 €[-2.0,1.5]; 927% €[-1.6,1.3] for My = 160 GeV 


using Eq. (7.7), assuming classic error propagation and neglecting correlations. 

ATLAS studied the measurement of gin in the VBF channel qqH —> qqttt~ 
with fully leptonic and lepton-hadron decay mode at My = 120 GeV as well as 
in the VBF channel qgH —> qqWW — qgqfvév at My = 160 GeV. The dis- 
tribution of the reconstructed angle between the two forward-tag jets, Ajj, was 
used to evaluate the sensitivity to the anomalous couplings. Figure 7.10 shows the 
distributions in the three channels for the Standard Model (SM, aj = 1,a = 
0, a3 = 0), for a scenario with only anomalous CP-even coupling turned on (CPE, 
a; = 0,a, = 1,a3 = 0), and finally with only an anomalous CP-odd coupling 
(CPO, a; = 0, a2 = 0, a3 = 1). It could be shown that from a x? analysis of the 
Aġ;j distributions, the CPE and CPO scenarios can be excluded at 95% C.L. with 
10 fb~! of data, using only the H — WW channel. The low-mass H —> tt” 
channel only becomes sensitive beyond 30 fb~!. 

The Higgs coupling structure is also easily accessible in the H —> ZZ —> 
LELTE decay channel, where the lepton pairs, ¿"7 and ¢’*é'~, are muon or 
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Fig. 7.10 Angle between the forward-tag jets in a high statistics sample of simulated VBF Higgs 
events for different HVV couplings: the Standard Model (SM) case, and pure anomalous CP-even 
(CPE) and CP-odd (CPO) couplings [11] 


electron pairs. From distributions of the Z decay plane correlations and the lepton 
angles in the Z rest frames, the helicity structure of the HZZ vertex can be deter- 
mined. The observables that are most sensitive to the CP properties of the Higgs 
are 


e the angle between the oriented Z decay decay planes, ġ, in the Higgs rest frame, 
and 
e the cosine of the polar angle of the fermion, cos 0*, in the Z rest frame. 


Their theoretical distribution expected in the Standard Model and for an anomalous 
CP-even and CP-odd HZZ coupling are shown in Fig. 7.11. 

The ZZ final state was studied by ATLAS [26, 25] and CMS [6, 27]. The theo- 
retical frameworks used in these analyses were based on a coupling structure: 


igMz 
cos Ow 


B C 
uv v v vpo 
Tazz = fae ar me? + ma . Poko} ; (7.9) 
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Fig. 7.11 Distribution of the fermion polar angle, 0*, in the Z rest frame (left) and the angle ¢ 
between the decay planes of the Z bosons (right) for the Standard Model (SM), and an anomalous 
CP-even (CPE) and CP-odd (CPO) vertex. The distributions are shown at Monte Carlo generator 
level [25] 


with the four-momenta of the Z bosons, qı and q2, their sum, p = qı + q2, and 
their difference, k = qı — q2. The parameters A, B, and C describe the SM cou- 
plings strength and anomalous CP-even and CP-odd contributions, very similar to 
Eq. (7.2). An alternative model [28] with a different parameterisation of the HZZ 
vertex is also used in the analysis. This model is integrated in the Pythia [29] event 
generator. Purely CP-even, CP-odd, and mixed scenarios are available. In the mixed 
scenario, a parameter n is introduced, and the CP-odd term is varied proportional 
to ņn?, while the interference term scales with n. The ņn parameter is not directly 
equivalent to C and contains a small admixture of the CP-even B-term. The limit 
n — 0 corresponds to the Standard Model and |n| — o0 to a pure CP-odd coupling. 
A mapping é = atan(7) projects the full coupling range to the interval [—z, zr]. 

Usually large data statistics, in the order of 50-100 fb~!, is necessary to measure 
the anomalous couplings in H — ZZ decays. CMS simulated signal and back- 
ground events, which are practically only from ZZ continuum, for a luminosity of 
60 fb~!. The likelihood analysis of the shape of the angular distributions and the 
reconstructed Higgs mass spectrum yields a sensitivity in the order of A = 0.2 for 
My = 200 GeV, shown in Fig. 7.12, improving with mass and signal statistics to 
Ag = 0.14 for My = 300 GeV. This result is in good agreement with expecta- 
tions for the ATLAS experiment [25], where it could also be shown that systematic 
effects from resolution and modelling of signal and background can eventually be 
controlled. 

In addition to an anomalous CP structure, the effect of a Higgs-like particle with 
different spin J # 0 was evaluated. Clearly, this is mainly to reject this possibility 
once the Higgs is discovered in the H — ZZ channel. The main sensitivity to mod- 
els with J > 0 and anomalous HZZ couplings at high Higgs mass is obtained from 
the analysis of the fermion decay angle, cos 6*. This sensitivity can be enhanced by 
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Fig. 7.12 (a) Estimated sensitivity to the anomalous HZZ coupling € = atan(7) of the Pythia 
model as a function of a possible signal enhancement factor C for a Higgs mass of 200 GeV 
and an integrated luminosity of 60 fb~! [27]. The enhancement factor assumes that the Higgs 
production cross-section scales proportional to C, where for C = 1 the SM expectation is obtained. 
(b) Expected significance for excluding spin 1 and anomalous CP-even and CP-odd scenarios for 
100 fb! of ATLAS data [26] 


measuring the Z polarisation, assuming a distribution of the decay angle according 
to [30]: 


f(0) = T(1 + cos” 6*) + L sin? 0* , (7.10) 


where T and L are the fraction of transverse and longitudinal polarisation of the Z 
bosons. A similar method was successfully applied by the KTeV Collaboration who 
measured the parity of the neutral pion in the four-electron decay, m? > y*y* > 
ete ete” [31]. The variable 


L=T 
Se (7.11) 
Pay 


quantifies the relative difference of longitudinal and transverse polarisation frac- 
tions, L and T. For a pure CP-even HZZ coupling a value of R = +1 is expected, 
corresponding to a 100% longitudinal Z polarisation, while R = —1 for a pure CP- 
odd coupling, corresponding to a 100% transverse Z polarisation. In the Standard 
Model, R is around 0.5, varying with the Higgs mass. Since the background is flat 
in cos @* the normalised probability density as a function of 6* is given by: 


3N tir 1 
A R (I + cos? 6*) + +4 sin? 0*) + 1N 
P(e") = + Ns (=r aA yay. (7.12) 
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If the number of background events, Np, is assumed to be known, the number of 
signal events is obtained from data as Ns = Naata — Np. An effective value of R is 
determined from the reconstructed fermion angles, 6, of each event i, maximising 
the log-likelihood function 


Naata 


log L = ) log P (67) . (1.13) 


i=l 
Additional sensitivity provides the polar angle distribution which follows 
F(¢) = 1 + acos(¢) + B cos(2¢) (7.14) 


for the HZZ signal (see Fig. 7.11). A likelihood analysis, including also the back- 
ground shape, of both polar angle and decay plane angle was performed by ATLAS 
[26], and the result is shown in Fig. 7.12. A CP-odd scalar boson can be well 
excluded with 100 fb™! of data, while an exclusion of a vector-like particle with 
spin J = 1 is only possible for Higgs masses above 200 GeV. This is again in good 
agreement with [25]. 

In the very low-mass region, where H — yy may be the first discovery channel, 
only the spin can be constrained using the well-known Landau—Yang theorem [32]. 
In case this decay mode is observed at the LHC, the Higgs boson must necessarily 
be of spin-O nature, or a multiple of J = 2. 

The measurement of the CP structure in the H — t*t~ decay, which may 
well be a preferred decay scenario of a low-mass super-symmetric Higgs boson, is 
possible but challenging. In principle, the polarisation of the t leptons, measured 
by analysing the t decay kinematics, may be used to infer on the Higgs CP and 
spin structure. But in contrary to the H —> ZZ — 4€ channel, the centre-of-mass 
frame can not be directly reconstructed, which drastically reduces the sensitivity of 
the decay angular distributions [33]. The Higgs spin and CP structure will therefore 
be mainly determined in the VBF channels H —> t+1~ and H > WW, as well 
as in H — ZZ decays. 

In summary, one can conclude that the Standard Model Higgs parameters, like 
mass, width, branching fractions, as well as spin and CP structure can be probed at 
the LHC with data samples that correspond to integrated luminosities in the order of 
30 fb—!. For further interesting analyses, like the measurement of the Higgs trilinear 
self-coupling in H > HH —> WWWW, WWZZ, ZZZZ decays, two orders of 
magnitude more data is needed [34], which may be delivered by an upgraded super- 
LHC [35] with instantaneous luminosities of 10%% cm~*s~!. 
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Chapter 8 
Summary and Conclusion 


The Standard Model of electroweak interactions is currently in very good agreement 
with high-precision experimental data, as detailed in Chaps. 3 and 4. Cornerstones 
are the precise determination of mass and width of the Z and W bosons, which 
currently yield: 


Mz = 91.1875 + 0.0021 GeV , 
Tz = 2.4952 + 0.0023 GeV , 

Mw = 80.399 + 0.023 GeV , 
Tw = 2.098 + 0.048 GeV , 


combining LEP and Tevatron results. By studying in detail the Z decays to fermions, 
the corresponding coupling constants and partial decay widths were measured and 
the electroweak mixing angle together with the o-parameter were extracted as 


sin? 64, = 0.23153 + 0.00012, 
pe = 1.0050 + 0.0010. 


These results differ significantly from the tree level predictions of the Standard 
Model, showing clearly the necessity to include radiative corrections. Their anal- 
ysis indicates that the Standard Model Higgs boson should be lighter than 186 GeV 
when evaluating a large set of electroweak data. 

At LEP energies above the Z pole, the electroweak gauge bosons were produced 
singly or in pairs which allowed a detailed study of the triple and quadruple gauge 
boson couplings. In both, the neutral and charged sector, they were found to be in 
good agreement with the non-abelian SU(2) x U(1) gauge structure of the Stan- 
dard Model. In particular, the W boson couplings to the photon and Z boson were 
determined as: 

gi = 0.991 G91 >» 
0.9847) O47 » 


Ay = —0.01679 993 » 


x 
x 
Il 


in perfect agreement with the theoretical prediction. 
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210 8 Summary and Conclusion 


The measurement of the W mass at LEP and the control of the corresponding 
systematic uncertainties would not have been possible without the detailed under- 
standing of Final State Interactions in hadronic W-pair decays. The effects of Bose- 
Einstein correlations between the decay products of two hadronically decaying W 
bosons were found to be small or absent. However, there is a 51% probability 
for Colour Reconnection between these decay products. The LEP W-mass analy- 
ses were therefore optimised to reduce the sensitivity of the mass measurement to 
Colour Reconnection effects. 

The large collection of electroweak data, including top mass and low-Q? mea- 
surements, provides constraints to the last missing piece in the Standard Model, 
the mass of the Higgs boson, though not proving its existence. This will only be 
achieved by direct searches which are currently ongoing at the Tevatron and which 
will be intensified once the LHC will start collecting data. 

The LHC collider and the experiments ATLAS and CMS are now completed and 
ready to take data. Subdetectors for measuring electrons, muons, taus and jets with 
good precision were built. They will be able to trigger on and measure the different 
particles up to the design luminosity of 10°4 cm~*s~! at centre-of-mass energies 
between 7 and 14 TeV. The road-map to achieve the necessary detector performance 
is laid out, and analysis frameworks to measure the detector parameters from data 
are being prepared. 

ATLAS and CMS are expected to improve the precision measurements of the 
masses of the W boson and of the top quark, with uncertainties below 10 MeV 
and | GeV respectively, once the detectors are understood and their performances 
optimised. By studying Z boson decays to electron-positron pairs the electroweak 
mixing angle, sin? ee can be determined with an accuracy of about 2 x 1074, 
close to the LEP and SLC results. The sensitivity to triple gauge boson couplings 
is enhanced at the LHC due to the high centre-of-mass energy that will be reached. 
Anomalous contributions to the TGCs will be tested at the per cent level. Constraints 
from electroweak data for theoretical models will therefore be narrowed further. 

Once the LHC running starts and enough data is collected, the ATLAS and CMS 
experiments will eventually clarify if the Standard Model Higgs boson exists. In 
the complete theoretically and experimentally possible mass range of 114.4 GeV < 
My < 1 TeV the combined analyses of ATLAS and CMS will be able to discover 
the Higgs boson with about 2 — 20 fb~! of data depending on the Higgs mass. With 
some more luminosity collected, the properties of the Higgs boson, like mass, width, 
couplings, spin and CP structure can be measured. 

However, there are arguments, of which some are mentioned in Chaps. | and 
4, that the theory may need to be extended beyond the well-working Standard 
Model. Electroweak symmetry breaking, which necessarily appears at the TeV 
scale, may be induced by super-symmetry, composite Higgs models, or theories 
with strongly interacting vector-bosons. These signatures may appear even before a 
Higgs boson is seen, for example as heavy Z’ or W’ bosons or light super-symmetric 
particles. 

At the advent of the LHC start, the LHC experiments are well prepared to further 
test the Standard Model and to search for new physics beyond it. Very rare processes 


References 211 


and detailed studies of the findings will be possible at the upgraded LHC, the sLHC, 
with a factor of 10 increase in instantaneous luminosity. The ATLAS and CMS 
detector communities are already now investigating further improvements of their 
tracking and forward detectors, and their trigger and detector readout systems to be 
prepared for an even more challenging background environment. 

Complementary measurements to the LHC in the Higgs, electroweak, and super- 
symmetric sector will be possible with a future International Linear Collider [1-3]. 
Inete™ collisions up to 500 TeV, the Standard Model Higgs and top quark masses 
can be measured with about 50 MeV precision. The HVV couplings can be derived 
with a few percent uncertainty from the Higgs-strahlung and boson-fusion produc- 
tion cross-sections. The top Yukawa coupling to the Higgs boson is measurable in 
ttH production, and the ratios of the other ffH couplings are accessible through the 
different branching fractions Br(H — ff). If spin and CP parameters of the Higgs 
boson will not have been determined by the LHC, the ILC experiments will be able 
to measure those, e.g., by scanning the threshold region of e*e~ — ZH production 
and by studying the ZH production and decay kinematics. The ILC will also allow a 
more detailed measurement of the properties of possible super-symmetric particles 
that may be discovered at the LHC. The tandem of ILC precision measurements and 
LHC discovery potential in Higgs and SUSY physics can therefore fulfil a similar 
task as the SppS and LEP experiments in the past in case of W and Z discovery and 
precision physics. 

In the very near future it is however guaranteed that the LHC experiments, once 
having analysed the first few 100 pb~! to fb~! of data and especially when running at 
LHC design luminosity and beyond, will certainly change the landscape in particle 
physics. They will provide interesting insights into physics at the TeV energy scale 
and will eventually shed light on the mechanism of electroweak symmetry breaking. 
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